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A System of Graphical Representation 


for Arc-Converters 


By W. G. THOMPSON, Ph.D., B.Sc., M.I1.E.E., 


INTRODUCTORY. 


OST engineers will be 
familiar with the rep- 
resentation of alter- 

nating voltages, currents and 
fluxes by means of uniformly 
rotating vectors, and the use 
of these in the theory of 
electrical machines yields 
directly calculable results 
when dealing with sinusoidal 
waves forms. If, however, 
transformers or synchronous 
machines—to which vector 
calculations can be _ rigor- 
ously applied—are operating 
in circuit with rectifiers, there 
are certain reservations to be 


: designed to 


G.E.C. Rectifier Works, Witton. 


This article originated from : 
: the simple vector diagrams de- : 
: vised by the author to illustrate : 
: rectifier and 
: with particular reference to the : 
: phase relations and the power : 
: components in the external ctr- : 
: cuuts. The 
: intended as a substitute for the : 
: rigorous analytical methods used : 
: to determine the internal work- : 
: ing of rectifier circuits, but 1s : 
demonstrate the : 
: sequence of causes and effects at : 
: the terminals of the plant in a : 
: form which can be readily visu- : 
: altsed. : 


inverter 


treatment 1s not 


theory, : 


the voltages and currents in 
the secondary windings. Less 
familiar; perhaps, is the con- 
cept of the primary vectors 
each corresponding not with a 
single vector but with a relay 
of secondary vectors operating 
in sequence. This is achieved 
in practical form in the poly- 
phase rectifier transformer 
where each secondary wind- 
ing in turn carries the load 
as its anode passes current. 
The changing m.m.f. of each 
secondary winding is distrib- 
uted through the flux paths in 
the transformer core to link 
with the phases of the primary 





borne in mind. First, the 
quantities to be represented 
are no longer pure sine waves, secondly, some 
show abrupt changes and, thirdly, others, such 
as individual anode currents, are discontinuous. 

The established methods for dealing with 
these, by harmonic analysis, or by a sequence 
of instantaneous pictures each covering a 
particular phase of operation, or by step-by- 
step methods of integration are too complicated 
for vector treatment. On the other hand, the 
pattern of events in the process of polyphase 
rectification presents a complete picture in 
each cycle and the author sugge :s the idea of a 
“group vector’ to represent the combined 
effects of the different anodes for the purposes 
of demonstration and explanation of rectifier 
phenomena. 

the well-known single phase transformer 
vector diagram provides an example of the 
Primary side vectors being associated with 
a corresponding vector system representing 
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windings, and functions as a 
source of back e.m.f. to the 
three-phase primary voltages. 

This principle is used in computing the 
primary current wave forms of a rectifier trans- 
former from the individual anode currents, 
but in this article attention is directed to the 
representation of combined secondary phen- 
omena by hypothetical “group vectors”’ corres- 
ponding to voltage, current and flux as seen 
from the rectifier side of the transformer. 
In the course of a cycle each group vector 
will be associated with the different secondary 
windings depending upon the anode or anodes 
functioning at a given instant. This is illus- 
trated in fig. 1, where the group vector G 
is fixed against a rotating background corres- 
ponding to the anode burning periods, and 
represents the combined effects of the second- 
ary phases. 

While it is not proposed in this article to 
enter into the mathematics of the relationship 
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between the group vectors and the corres- 
ponding primary and secondary vector quant- 
ities, mention will be made of a few factors 
governing any quantitative application of the 
proposals. 





Fig. 1.._Group vector representing operating periods of 
anodes for 6-phase interphase transformer connection. 


First, the overcoming or opposing of the 
e.m.f. of the D.C. circuit is performed by a 
voltage group vector corresponding to the 
anode operating periods, and this vector 
is regarded as being in phase with the current 
vector. Actually, it is an out-of-phase com- 
ponent of the secondary voltage vector with 
which it should not be confused. Similarly, 
the secondary voltage and current vectors are 
group vectors representing a six or twelve 
phase system and are opposed to the primary 
voltage vectors associated in a three-phase 
system. Finally, there is the consideration that 
these quantities are not necessarily sinusoidal 
in practice, especially under grid controlled 
conditions, but all these considerations can be 
covered if desired by the introduction of the 
various “‘constants” and factors well known 
in rectifier calculations. Some of these con- 
stants are, of course, not true constants being 
subject to, perhaps, 5 per cent variation 
between no load and full load on the rectifier. 

With these points established the conven- 
tional vector diagram of the transformer can 
be applied to the general interpretation of 
rectifier problems. The description is based 
on the fact that the mercury arc rectifier is 
merely a synchronous switch, it contains no 
source of energy, but imposes limitations upon 
the duration and direction of the flow of cur- 
rent in the windings of the transformer con- 
nected to the respective rectifier anodes. 

The arcing phenomena inside the rectifier 
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dictate that the arc can only transfer from one 
anode to another whose potential is more 
positive with reference to the cathode, and it 
follows from this that the current in the 
phases connected to a rectifier shall lag behind 
their phase voltages when rectifying (fig. 2c), 
and shail lead the voltages when inverting 
(fig. 2d). Also the flow of current must always 
be from anode to cathode, that is in the dir- 
ection of the phase voltage when rectifying, 
and opposed to the phase voltage when 
inverting. Most rectifier transformers are 
built with a three phase winding on the A.C. 
side and a six or twelve phase winding on the 
D.C. side. This need not lead to any serious 
complication of the vector treatment, as all 
the secondary windings can be considered as 
being associated with a particular phase 
winding on the A.C. side by virtue of their 
m.m.f. distributions. ‘Thus their combined 
effect can be represented by a group vector. 
With this in mind the diagram can be drawn 
in the usual single phase convention with a 
'/, transformation ratio. If the equipment is 
operating as a rectifier unit, then the A.C. side 
of the transformer is the primary winding 
(fig. 2a), but during inversion the rectifier side 
becomes the primary side (fig. 2b). 

A cardinal feature of the transformer vector 
diagram is that the load conditions are dictated 
by the secondary current, and that the primary 
current—neglecting for the moment waveform 
distortions and magnetising current—is the 
mirror image of the secondary current. Thus 
the lagging secondary current in the rectifier 
connection will give rise to a lagging primary 
current, and the leading primary current in the 
inverter connection must be provided with a 
leading secondary current on the A.C. side 
before the inverter can function. 


THE RECTIFIER DIAGRAM 


With a transformer supplying the rectifier 
there is the constraint that the secondary cur- 
rent must lag behind the secondary voltage, and 
that the final phase displacement on the 
primary side is due to this combination of the 
overlap requirements of the anode currents 
and the magnetising current of the trans- 
former. The angle of overlap for a rectifier 
with p phases is given by :— 

IX 


| sin p 
Where wu is the angle of overlap, J the D.C. 
current, X the reactance per phase referred to 
the secondary side and £>,,, the phase 
voltage on the secondary side at no load. 
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The displacement factor cos ¢ is given by :-— 





ahs 
oO ¢ = ————— cooape  eauiien.s'- 
af: — - sin u cos ur 
1 + ; 
sin2u 
‘| 1e expression may be re-written as 
1 
COs pd = en nen (3) 
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equation (3) reduces to 


2u 
db = } 6 = 3 . . ° . (4) 


Thus the phase displacement is two-thirds 
of the angle of overlap and to this result must 
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Fig. 2.—(a), (Bb), (c), (d). 
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be added the component due to the magnetis- 
ing Current to give the total phase displacement 
on the A.C. side. 

Fig. 3 shows the vector diagram for the 
rectifier case, with the various vectors indicated 
in the accompanying list. 



































V, = Primary terminal voltage. 
E, = Primary internal e.m.f. 
J; = Resultant primary current. 
I, = No load current. 
@ = Flux. 
E>, = Secondary internal e.m.f. 
I, = Secondary current. 
I,! = Secondary current referred to primary. 
V2 = Secondary terminal voltage. 
~, = Primary phase displacement. 
INVERTER 
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— + 
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Comparison between rectifier and inverter. 
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The line OA is the locus of the limiting 
position of the secondary current vector as 
dictated by the overlap—the actual trace of 
this locus will depend upon the load current, 
the transformer reactance and the supply 
reactance. 
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Fig. 3.—-Rectifier diagram. 


The apparent power factor as determined 
by «4, the final displacement between the 
primary voltage and current, differs from the 
true power factor, which includes the dis- 
tortion factor and is calculated from 

OT eames | MMe Se 
Vv fl-cvU(u)] 


where vy (uw) is a function of the overlap. 


For graphical purposes y (uw) whose equation is 


.,. misinul2 + cosuj-—u{l 2 cos u}) 
uF (u) | © yn J : (6) 
2 ' {1 — COS u |: 
is given with sufficient accuracy by 
) 
' -_ lu on 
y (u) = aes (7) 


Idx 
while the values of K and C for different 
numbers of phases p are as follows :— 


3 6 12 
K 0-826 0-955 0-988 
i 4.50 3.00 1-6] 


The D.C. voltage can be deduced from the 
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secondary voltage at no load by the equation 


~ aioe a: ‘© Pp 
Bp = 





cos*u. . . (8) 
p 2 

Table I shows how the various factors 
combine in practice to give different dis- 
placement and power factors according to the 
load on the rectifier. 

The vector diagram is not intended as a 
graphical method of computation but rather 
as a guide to interpretation. The reasons for 
this are the different lengths of the vectors 
and the smallness of the angles involved which 
make accurate working difficult. It is, how- 
ever, sometimes instructive to construct the 
diagram to scale and the following practical 
points may be of interest. If the power factor 
on the primary side has already been calcu- 
lated the diagram can easily be constructed by 
setting out the values of V; and J;, at the 
appropriate angles as in fig. 4. J,X; is 
drawn perpendicular to J; and JR, 
perpendicular to J1,X; to locate £&,. 
With £, determined the position of @® is 
known, J, can be inserted and the figure 
completed. To overcome the difficulty of 
the small angles the diagram can be plotted 
on an elliptical scale as shown in fig. 5. 


-_ 
‘© 


POWER FACTOR CORRECTION 

The vector diagram serves to illustrate the 
question of power factor correction. It is 
not usual to apply power factor correction to 
rectifier equipment, but both static or syn- 


‘TABLE 1. 


True and Apparent Power Factors for 
6-Phase 500 Volt Equipment. 





Working Voltage 500 Volts 
Output kW 250 kW 

No. of Piieee... — ‘ 2 | om" ha 
Reactance - ai iss 5°, 
Magnetising Current ie a oe 70, 

Overlap ’ a s4 ot aR 18° 
Mic! ok. kee ee 
Power Factor .. +9 | -927-|-936 | -937 | 
Cos ¢ 936 | -96 |-964 | -964 | 
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chronous condensers could be employed either 
on the A.C. or on the rectifier side of the 
transformer. Although the cos ? term can 


be made unity or even leading, the power 
factor itself cannot exceed the constant 0-955 











Fig. 4. 





Start of vector diagram. 
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in the case of a six phase rectifier or 0-988 in 
the twelve phase case. If permanently con- 
nected banks of condensers are used without 
means of adjustment according to the load, 
over-correction will result at light load, but 
due to the harmonics the improvement would 
be less than that indicated by a power factor 
meter. 

The ordinary phase angle type of power 
factor meter applied to a rectifier transformer 
with power factor correction therefore shows 
a slightly high value whether lagging or 
leading. 

Fig. 6 shows the results of actual tests taken 
with power factor correction condensers 
arranged on the rectifier side of the trans- 
former. The presence of the condensers had 
no adverse influence on the operation of the 
rectifier. 


LAGGING 


10° I; LOCUS 
f=, 














LEADING 


Fig. 5.—Rectifier diagram on elliptical scale. 
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Fig. 7 shows the over-correction effect 
illustrated by the change of position of 
the current vector with constant correction 
current but diminishing load. 


GRID CONTROL 


The function of the control grids in a 
mercury arc rectifier is to delay the transfer 
of current from one anode to the next until 
a preselected instant in the A.C. cycle. By 
retarding this instant the proportion of the 
A.C. voltage in each phase contributing to 
the D.C. output is reduced and the mean D.C. 
voltage is lowered, conversely, advancing the 
instant of ignition raises the D.C. output 
voltage. It would naturally not be practical 
to advance the ignition beyond the normal 
firing instant of an uncontrolled rectifier. 

In both cases, although the D.C. output is 
varied the primary A.C. voltage remains 
constant, but the current wave undergoes 
further displacement with respect to the 
voltage wave. If the losses be neglected, the 
power input on the primary side can be 
equated to the output of the rectifier and if 
E and / are the D.C. voltage and current 
respectively, and e and 1 the corresponding 
A.C. values, then 


SBimetws@ - + - «(8 


¢@ in this case is the displacement angle 
between A.C. current and voltage and is 


- 
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defined by 


o6= fu+a 
and 


IX 
Eomax SIN 7% ?P 





cos (u + «) = cosa- 


. . (10) 


where « is the angle of retard of the rectifier 
ignition. 


600 


400 & 


200 
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Fig. 7.—-Over correction of Cos ¢ at light load by condenser 
bank. 
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From the transformer conditions, 
1 = KI where K is a constant, e the 








A.C. line voltage is also assumed con- 
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stant so that any variation in E can only 
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eo be made with a corresponding change in 
cos ¢. The equation may be re-written 


EI = E, cos 4 K.12 (11) 
Where E> is the induced secondary 





maximum voltage and /, the maximum 





secondary fundamental current corres- 
ponding to the group of anode currents. 

















The locus of £ is a semi-circle des- 
cribed on E>, but £2 cos ¢ is equal to E 
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which as represented by a hypothetical 
group vector is in phase with J, and if 
a series of circles be drawn with their 
centre at the origin as in fig. 8 and radii 
equal to different values of E, the inter- 


sections of these circles with the semi- 
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Fig. 6. 


Power factor correction by condenser bank 
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circle on E>, give the corresponding 
positions of the current vector J>. ‘The 
diagram is completed in the usual way 
to obtain the phase of the _ primary 
current vector />. In a_ practical 
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cample the reactance and resistance voltage 
‘ops have to be included and therefore the 
rminal voltage V2 has to be considered 
ther than the induced voltage E>. This 
esents no working difficulty as the voltage 
gulating device would automatically operate 
th respect to V>. The construction of the 
agram is, however, more complicated, and in 
is case the locus semi-circle determining the 
ase displacement between current and 
tage on the secondary side has to be based 
o1 the uncontrolled voltages, V2, of the cor- 
responding load currents. 

For the purpose of argument, the locus of 

can be considered as a smaller circle whose 
adius is the vector sum of J, R2 and I> X> 
and centre at E>, as for example in fig. 9; 
although strictly speaking, the position of V2 
should be evaluated in terms of the corres- 
ponding values of u, the angle of overlap. 
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Fig. 8.—Grid controlled operation. 


CONSTANT VOLTAGE BY GRID CONTROL 
This type of control for certain industrial 
applications is used to maintain the D.C. 
voltage constant at adjustable pre-set values 
independently of load and A.C. mains voltage 
fluctuation. 
he diagram for this requirement can be 
constructed as shown in fig. 9. On E> draw a 
semi-circle OE, and with centre O draw a 


quadrant of radius E. With centre E, draw 


two circles of radii J, Rand V (I> R2?+(12 X2? 
respectively. Draw AB tangent to J, R2 and E; 
draw E2D parallel to AB to cut the semicircle 


Ae 











~~ = 


Fig. 9._-Secondary side vectors for constant voltage 
grid control. 


OE, in P. Then OP is the position of the 
vector £, and by joining O to the intersection 
of AB and the circle J, X>2 the position of V> 
and hence cos ¢2 is determined. 

To meet the case of a variation in A.C. 
supply voltage, the construction can be re- 
peated using the appropriate values of E, 
and the corresponding values of J>. This will 
give the new value of cos ¢ for the changed 
conditions as shown in the dotted construction 
in fig. 9. With the positions of J, established 
the diagram can be completed on the lines 
previously indicated for the primary side of 
the transformer. 


CONSTANT CURRENT BY GRID CONTROL 

This is particularly applicable to constant 
torque drives, rolling mills, etc. 

The constant current diagram, fig. 10, can 
be derived in a similar manner. Here /, X> 
and J, R2 are constant and E£, the required 
terminal voltage, is determined by the back 
E.M.F. and the resistance R of the D.C. 
circuit. ‘To ascertain the locus of E for con- 
stant values of J and varying values of R a 
number of quadrants are drawn about O 
and the construction already described for 
fig. 9 is repeated to give a series of points 
P,;, P2, Ps, etc., one on each quadrant. The 
points can be joined by a curve to give the 
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desired locus of E corresponding to constant 
current J. 








Fig. 10.—-Secondary side vectors for constant current grid 
control. 


COMPLETE GRID CONTROL CHARACTER- 
ISTICS INCLUDING ARC DROP 
With certain kinds of drives, such as 
variable speed fans, the current and voltage 
vary with each speed setting. A convenient 
method of studying the change of grid-control 
angle is to produce a series of curves showing 










ARC OROP 
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2) GRID CONTROL IN PHASE WITH RESULTANT OF PHASE VECTORS 


D.C. VOLTAGE 
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the relation between control angle and D.C. 
voltage for different fixed current values, 
These curves can also be derived from the 
vector diagram when the latter is extended to 
include the arc-drop and the effect of the inter- 
phase transformer (see fig. 11). The arc- 
drop can be introduced as a polar dimension 
and, for constant current, can be taken as a 
circle at the origin, the radius being sub- 
tracted from the D.C. voltage vectors OV and 
OV>, etc. Alternatively, for variable current, 
it can be drawn as a polar diagram whose 
radius varies with the curve of current against 
arc-drop. 

The parallel operation of consecutively 
firing anodes caused by the interphase trans- 
former connection can be represented by the 
mean of two equal vectors spaced at an angle 


—_— 
‘ 


ry That is to say, the second anode starts to 


=- radians ahead of its “natural” 
firing time. Now if a grid controlled rectifier 
has been working with its ignition fully 
advanced on interphase transformer oper- 
ation and the load falls below the transition 
value, then the interphase transformer ceases 
to function and the anodes revert to their 
“natural” firing time leaving the grid control 


operate 


advanced 25 Therefore in the vector dia- 
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Fig. 11.—-Grid control cheracteristics 
for different loads. 
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am the whole sequence of events must be 


re 


»/ 


a ivanced om radians when dealing with the 
terphase case on light load, but, theoretically, 
e grid control has no influence on the oper- 
ion until it has been retarded by this amount. 
| his is shown on the left of the diagram in 
11. In practice, the grids behaving as 
odes slightly reduce the no load voltage 
inder these conditions. 
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Fig. 12.—Inverter diagram. 


THE INVERTER 


In the inverter circuit the rectifier side 
becomes the primary winding. The trans- 
former vector diagram remains unaltered in 
principle, but there are now several limit- 
ations to the positions of the vectors. The 
fundamental condition is that the primary 
current must lead the voltage because of the 
commutation requirements outlined in the 
introductory section. As a result of this the 
magnetising current must be compensated 
from the transformer side. Fig. 12 shows the 
vector diagram in its simplified form. There 
is a limiting angle ¢.. which is the mini- 
mum angle of lead determined by the de- 
ionisation of the inverter for the complete 
commutation of the primary current. The 
actual lead will have to be greater than this 


because of the angle of overlap which is 
defined by : 





cos (u + a) = cosa + 


Emax SiN Te) p teat aes 

The phase angle of the load on the A.C. side 
is shown by the vector J, and with an in- 
ductive load this will lag behind E> and 
moreover the magnetising current must be 
included in the resultant current. It will be 
seen that if the primary image current /,' is 
not to be in the inoperative region, the second- 
ary current has to be corrected to the oper- 
ating position corresponding to J; by the 
addition of the capacity current J, before 
the rectifier can function as an inverter. This 
current can be supplied either on the rectifier 
or on the A.C. side of the transformer. On 
the A.C. side the three-phase arrangement will 
produce a simpler circuit but the voltage may 
be at a high tension requiring H.T. con- 
densers; alternatively a synchronous con- 
denser can be used, or the compensation 
current drawn from the A.C. network. The 
magnitude of this correction current can be 
seen from the diagram by inspection it is :-— 
I, a I,L sin Diad “TT I,! sin (drag + 4) + 
Imag SCC 2a. Where daa is the phase angle 
of the load and 4; the working angle of the 
inverter, 2 lag the internal angle of lag of the 
transformer and /,,,, the magnetising current. 


THE LEADING CURRENT ‘*“*PARADOX” 


The leading current condition required for 
the operation of an inverter is sometimes 
miscontrued in terms of possible power 
factor improvement in an inductive circuit, 
whereas the converse is actually the case. 
If the inverter is connected to an A.C. network, 
then the network has to supply the compen- 
sating current J-. This is a demand for 
power factor correction current to bring the 
phase angle of the load current to a position 
where the inverter can function. This 
current will only improve the power factor 
where it is already leading. It is necessary to 
distinguish between two cases, first when the 
network has synchronous condensers available, 
and secondly when the compensating current 
has to be supplied from alternators in the 
generating station. The load on the network 
is assumed to be inductive and in each case 
the circuit is basically as shown in fig. 13. 

In the event of the synchronous machine 
operating as a condenser the inverter will be 
supplying power both to the inductive load 
and the synchronous motor ; in the generator 
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case the alternator and the inverter will be 
supplying current to the load in parallel. 
Kirchoff’s law can be applied in both cases 
and the algebraic sum of the currents at O 
in fig. 13 must be zero and the current vectors 
must form a closed triangle. The 
two problems can be viewed from 
slightly different angles: in_ the 
synchronous condenser example the 
interest lies in_ establishing the 
conditions necessary for the inverter 
to work ; in the second arrangement 
it is known that the inverter will 
function and its reaction upon the 
A.C. generator is the moot point. 
Although the phenomena should 
be interpreted in terms of the stator 
and rotor m.m.f.’s in the machines, 
it is convenient to make use of the 


corresponding voltage vectors as 
shown in figs. 14(a) and 14(b) respec- 
tively. ‘Thus in the synchronous 


condenser example, fig. 14(a), & is the 
internal e.m.f. of the machine, V the 
terminal voltage and the inverter 


voltage, and the difference E—V 
causes a lagging current /, of 
magnitude (E — V ) (Z,, Z;) to 


circulate between the synchronous 
condenser and the inverter whose 
respective impedances are Z,, and 
Z; It will be seen from the. 
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diagram that this current actually leads 
the voltage vector V and provides the com- 
pensation for the inductive load current. 
The power components of the currents are 
given by the projection of their vectors on 
the voltage line OV and for stability the 
power component of the load and the losses 
in the synchronous condenser must balance 
the power component of the inverter current. 
Now if the inverter voltage increases without 
a corresponding change in the ignition angle 
or the excitation of the condenser, then the 
vector system will be displaced as shown by 
the dotted part of fig. 14(a). This implies a 
decrease in the margin of safety on the inverter 
ignition and a speeding up of the synchronous 
condenser by the excess power ; there is thus 
always an element of instability in such a 
system unless automatic means of controlling 
the ignition angle are incorporated in the 
inverter. 

Fig. 14(b) is drawn with respect to the altern- 
ator of which E and V are the internal e.m_f. 
and terminal voltage as before. ‘The inverter 
current /,; flowing into the alternator and 
load is opposed to V and combines with the 
load current to give a resultant current J,. 
This current causes a slight change in the 
position of V but an increase in the lagging 
power factor angle ¢. The reduction in 
power demanded from the alternator is given 
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Fig. 14.—(a) Power factor compensation by synchronous condenser 
(b) Inverter load on alternator. 





- a 
i 
$ 
: 





by 1 
be 

neti 
the 
inp 





‘(yw — "FF . = 


—_— = vse te ° 





2.11 igen SSR ae 2 Re 


Ra 


Peek oon 


scaaamnamaaiaaaine LT, TTS 
Sieh saa ko TOT ED OPE Se vee 


GRAPHICAL REPRESENTATION 175 





1, 
\ e 
E w\ ? —<s 
« 
lan © 
$> 
loa lca 
lob Icb 
ra Sic eae 
E> 


Fig. 15.—-Change of compensating current with 
load during regeneration. 


by the projection of J; on V and again it will 
be apparent that unless the power of the 
network is very large compared with that of 
the inverter proper, control of the power 
input to the system will be necessary for 
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(a) 


stability. With an increase in load the mini- 
mum angle of lead of the inverter has to be 
increased to meet the longer commutation 
time. This applies equally with a constant 
power factor load on the A.C. side, because 
the demand for compensation current increases 
with load. 


REGENERATION WITH INVERTERS 


Inverters have been successfully applied to 
regenerative braking on traction systems. In 
this case the demand for load does not come 
from the A.C. side, but the D.C. voltage rises 
as a result of the strengthening of the traction 
motor fields when they are being operated as 
generators, and the inverter has to pass more 
current from the D.C. side. There must, of 
course, be load or adequate losses on the A.C, 
Side to accept this regenerated current, other- 
wise the frequency will rise and the generating 
plant will attempt to motor if it is only of a 
kVA size comparable with the inverter; that 
is, unless energy storage means such as a 
flywheel is available to meet temporary excess 
regenerated power. 

Fig. 15 shows the requirements for regener- 
ation. If the inverter is set to deliver current 
in the position J, to a load which can only 
accept current /,, at the phase angle 4p, 
then any attempt to increase the D.C. voltage 
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ig. 16.—Diagrams showing requirements for changeover from rectifier to inverter at any voltage with a given load. 


a) Rectifier-inverter Ward-Leonard arrangement. 


(b) Methods of operating rectifier-inverter reversible drive. 
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results in more current flowing at the same 
power factor as J on the primary side and a 
corresponding increase in the current to J», 
Iz, etc., on the secondary side. This increased 
current is forced into the network which has 
to supply the increased compensation current 
I... If the inverter is “level compounded” 








Vol 


then E must move round the locus towards V 
as the regenerated voltage increases. 


WARD-LEONARD CONTROL 


The essence of Ward-Leonard control is the 
provision of a variable voltage supply to a 
D.C. machine armature from a generator, so 
that full torque, or any fraction thereof, can 
be provided at all speeds. Another feature is 
the reversal of the direction of rotation of the 
motor without any change of field or armature 
connections. This principle can be applied 
using two grid-controlled rectifiers as shown 
in fig.16(a), one to supply current in the forward 
direction, the other being reversely connected 
to drive the motor in the opposite sense. With 
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No. 1 rectifier operating the motor moving 
in the forward direction can be slowed down 
to stop by reducing the rectifier voltage; 
No. 1 unit can then be cut off by means of 
its grids, and the voltage of No. 2 rectifier 
raised to speed the motor in the reverse 
direction. This is shown in fig. 16(b), where 
the full lines represent the operation of No. 1 
unit and the dotted lines No. 2 unit, while the 
reversal of current is shown by the swing over 
of the vector J; from the lower to the upper 
part of the left-hand side of the diagram. 
Constant current working is assumed. 
Regenerative braking can be introduced 
into the scheme by allowing either rectifier to 


Fig. 16 (cont.)—-Diagrams showing requirements for change- 
over from rectifier to inverter at any voltage with a given load. 


(c) Rectifier inverter voltage vectors for given load 


Er = Ej. Construction: Radius OA=XY. 


(d) Relation between rectifier and inverter grid control 
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(d) 


function as an inverter according to the dir- 
rection of rotation of the motor, and by 
making provision for the changeover to take 
place at any speed without excessive currents 
resulting. Again, assuming the motor to be 
running in the forward direction with No. 2 
unit accepting a small circulating current /s 
as its control follows that of No. 1, the oper- 
ation involves reducing the load on No.1! 
unit to a small circulating current and admitting 
regenerated current from the motor to No. 2 
rectifier now functioning as an inverter. ‘The 
inverter voltage is steadily reduced as the motor 
speed decreases to zero and raised again with 
No. 2 
to run the motor in the reverse direction 








unit this time functioning as a rectifier f 
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No. 1 unit follows No. 2 
operate as an inverter. The sequence of 
operations is shown by the “grid-iron” 
paiterns on the left of fig. 16(b), the vector 
system opening and closing with a scissors 
motion corresponding to raising and lowering 
the speed of the motor both in the forward 
ani reverse directions successively. 

ig. 16(c) and (d) show the requirements for 
a changeover from rectifier to inverter oper- 
ation at any speed for a given load. It will be 
observed that the relation between the rectifier 
ani inverter grid control settings is not a 
siniple linear function, so that it is preferable 
to combine these electrically rather than by a 
mechanical device. 

Moreover, if the scheme is to be symmetrical 
as regards forward and reverse running and is 
to include regenerative braking, the power 
factor at which the rectifier can operate is 
limited by the inverter requirements. 


and is ready to 
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SELF-EXCITED INVERTER SUPPLYING AN 
ISOLATED LOAD 


In the case of an inverter supplying an 
isolated load the whole of the useful power has 
to be provided by the inverter and power factor 
correction applied to the load to enable the 
inverter to function. Furthermore, a wave 
forming machine or capacity circuit must be 
used to determine the commutation. Pro- 
vided the load is within the power of the 
inverter and the capacity of the power factor 
correction equipment, the vector diagram of 
fig. 17 will apply. The synchronous motor 
must be run up to speed by external means 
but will continue to run when the inverter is 
switched on, taking the driving power to 
cover its losses and the load from the inverter 
and supplying the power factor correction 
current. The synchronous condenser will 
also determine the frequency of the impulses 
applied to the control grids of the inverter. 

With the so-called “‘self-excited” inverter 
the foregoing is governed by the reactance 
of the load and the transformer circuit and the 
capacitance of the commutation circuit. ‘The 


l . 
——— — will tend to increase 
2x V LC 


with increasing load due to the reduced in- 
ductance of the circuit. At the same time 





frequency i = 
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the increased frequency will permit an 
increased capacity current and the power 
factor of the inverter will improve, giving 
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Fig. 17.—-Self-excited inverter: Change of compensating 
current with load. 


stable operation within the limits of the circuit 
constants. If the increase in load is due to 
a decrease in resistance then the power factor 
of the load will be reduced, so eventually the 
commutation limit of the available capacity 
will be reached and the inverter will fail. 
Fundamentally there can be no difference 
between the stability requirement with power 
factor correction by static condensers or by a 
machine. In each case excessive power trans- 
fer must be checked by automatically control- 
ling the angle of ignition of the inverter. 


CONCLUSION 


The methods outlined in this paper can be 
extended to a variety of rectifier problems. 
The main object of the graphical treatment is 
to provide a means whereby an engineer can 
arrive at the general results of a problem 
without recourse to lengthy calculation, and 
to provide an insight into some of the subtleties 
of grid controlled rectifier and inverter oper- 
ation. 





Iron Pyrites 


INTRODUCTORY. 


RON pyrites, the most important naturally 
occurring sulphide of iron, owes its great 
industrial significance to the fact that it 

is the principal source of sulphur for the 
manufacture of sulphuric acid. The industrial 
and war-time applications of this well-known 
acid are legion, and are probably unequalled 
in variety by any other chemical commodity ; 
indeed, there is scarcely any British industry 
of note which is not directly or indirectly 
dependent, to some extent at least, on sul- 
phuric acid. 

Yet, the British Empire, though enjoying a 
large measure of mineral self-sufficiency, has 
hitherto been notably deficient in domestic 
supplies of pyrites, Great Britain alone in 
pre-war times importing more than 400,000 
tons annually from such countries as Spain, 
Norway and Portugal. In these countries the 
mineral occurs in large lenses or masses, 
sometimes half a mile in length, which enable 
their exploitation to be carried out by normal 
mining methods. Deposits of pyrites, however, 
of an entirely different mode of occurrence and 
requiring special methods of concentration, 


Recovery Plant at Horden Collieries. 


By F. B. CHAMPNESS, 
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Fig. 1.—Exterior view of plant 

showing (left to right) pyrites de- 

watering scraper Conveyor, Sher- 

wen coal screen, chain and bucket 

elevator delivering wet shale to 

head bin, belt conveyor carrying 
dry shale. 


have long been known to be intimately associ- 
ated with the vast coal resources of the British 
Isles, but for the most part they have either 
been neglected from a commercial point of 
view, or recovered in a small way as “coal 
brasses”’ the output of which in 1938 was little 
more than 4,000 tons. Under the exigencies 
of war, the increased recovery of such material 
has been given an added importance and a 
number of plants has now been installed at 
collieries throughout the country for recovering 
the iron pyrites from the coal as mined. 

Most large collieries are now equipped with 
coal cleaning plants and the dirt, or shale, 
rejected by these coal cleaning plants will 
carry with it any iron pyrites which was 
present in coal before being mined. The 
larger pieces of iron pyrites, or “‘brasses’’ as 
they are termed, may be recovered by hand 
picking but it is not practicable to recover the 
smaller sizes in this manner and special means 
of mechanical separation have to be adopted. 
PYRITES RECOVERY PLANT. 
Method of Treatment. 

Fraser & Chalmers Engineering Works have 
recently installed a plant at a large colliery m 
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the North of England for the recovery of 
iron pyrites from colliery refuse. The refuse 
in question comprises the rejects from several 
wet gad dry coal cleaning plants in the 
district and consists essentially of shale, 
3inch size and down, carrying about 10 per 
cent of iron pyrites (F,S2) and a_ small 
percentage of coal. The plant, which is 
arranged to effect a separation of the pyrites 
from the shale and coal, and a further separ- 
ation «f the coal from the shale, has a capacity 
of about 30 tons per hour. The recovered 
pyrites is despatched by rail to chemical 
works, where it forms the source of sulphur 
for the manufacture of sulphuric acid, whilst 
the recovered coal is burnt in the colliery 
company’s boilers or sent to the market. 

The separation of the pyrites, coal and shale 
isaccomplished by a process known as ““Water- 
Gravity Concentration” in which the differ- 
ence in specific gravities of the several minerals 
is utilized to effect their separation and in 
which the separating medium is water. The 
specific gravities of the pyrites, shale and coal 
are 4.8, 2.5 and about 1.2 respectively. In 
broad outline, the process consists of crushing 
the material fed to the plant sufficiently fine to 
obtain substantial release of the various mineral 
particles from one another, sizing the crushed 
product into various fractions and then sub- 
jecting each fraction to a “jigging” or shaking 
motion in water in specially designed machines 
which results in a separation of the heavy 
particles from the light. 

Two classes of material have to be dealt 
with by the plant, namely, “‘wet” and “dry” 
shale, being the rejects from wet and dry coal 
cleaning plants and as far as practicable these 
two classes of shale are fed simultaneously to 
the head bin of the plant to obtain an even 
mixing and render the material fed to the 
plant of constant moisture content and grade. 
The head bin is of steel construction having a 
capacity of 30 tons. 


Description of Installation. 


The colliery is situated on the coast and 
prior to the installation of the Pyrites Recovery 
Plant the shale rejects from the colliery com- 
Pany’s wet and dry coal cleaning plants were 
discharged into the sea by means of an aerial 
ropeway. ‘The loading bunker of the ropeway 
is of concrete construction, having its top at 
ground level, and the dry shale was discharged 
to this bunker from a belt conveyor, whilst 
the wet shale was discharged to the same 
bunker from bottom dumping standard gauge 
talway wagons. The pyrites recovery plant 


was located at the side of the dry shale con- 
veyor and adjacent to the ropeway loading 
bunker, thus enabling the dry shale to be dis- 
charged from its belt conveyor, by means of a 
““‘tripper,’” to the head bin of the recovery 
plant and the bulk of the shale “tailings” of 
the plant to be returned by an inclined chute 
to the loading bunker of the ropeway for 
disposal into the sea as originally. A new 
track hopper was built on an adjacent railway 
track to receive the wet shale from the bottom 
dumping railway wagons. The contents of this 
track hopper are withdrawn by a Sherwen 
A.C. electro-magnetic feeder as required, to 
discharge to a chain and bucket elevator which 
raises the wet shale and discharges it to the 
head bin of the recovery plant. 

The foregoing location necessitated the 
recovery plant being built on an old dump and 
the depth of excavations had to be kept down 
to a minimum to avoid unnecessary disturb- 
ances of the made-up ground. The foundations 
did not form a part of the contract executed by 
Fraser & Chalmers Engineering Works. Piling 
was not found to be necessary and the whole 
plant is carried on a reinforced concrete raft. 


Recovery Processes. 


The dry and wet shale enter at the south 
end of the plant. After separation, the cleaned 
pyrites and coal are discharged into railway 
wagons located on the track at the west side 
of the plant. The plant flow sheet is shown in 
fig. 2. Figs. 1 and 4 show external views of 
the plant. 

The crushing and screening operations in 
the plant are carried out with added water and 
arrangements are made for the bulk of this 
water to be recovered from the shale rejects 
or “tailings” of the plant and returned for 
further use. In like manner the recovered 
pyrites and coal are also dewatered before 
being discharged to railway wagons. 

The throughput of the plant is controlled 
by means of a Sherwen A.C. electro-magnetic 
feeder which withdraws the mixed wet and 
dry shale from the bottom of the 30 ton head 
bin and discharges to the boot of a continuous 
chain and bucket elevator. The rate of feed of 
the Sherwen feeder is controlled by means of a 
rheostat. The discharge from the elevator 
passes over a single deck Sherwen electro- 
magnetic A.C. screen which makes a separation 
at inch. The screen is provided with water 
sprays over the screen surface to assist the 
screening of the damp material which other- 
wise would clog or blind the screen cloth. 

The oversize material from the screen 
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gravitates by chute to a Symons patent cone 
crusher. A Witton-Kramer mushroom magnet 
is suspended over this chute for the removal 
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discharged from the double deck Sherwen 
screen direct into a steel hopper divided into 
compartments. From this hopper the material 





Fig. 4.--Exterior view of plant showing (left to right) Dorr thickener, vyrites elevator, 
pyrites dewatering scraper conveyor, water storage tank. 


of tramp iron. Arrangements are made for 
the magnet to be swung away from the chute 
when the tramp iron is to be dropped and the 
section of the chute under the magnet is of 
wood construction to avoid magnetisation. 

Water is also added with the feed to the 
Symons cone crusher to assist the passage of 
the damp material through the crusher, and 
the crusher is set to crush to % inch. The 
crushed product joins the feed to the contin- 
uous chain and bucket elevator referred to 
above to be returned over the single deck 
Sherwen screen for further screening at 
¢ inch. 

The material passing through the 3 inch 
deck of the Sherwen screen, together with the 
wash water added to the screen and crusher, 
passes to a double deck Sherwen A.C. screen 
which makes a separation at #; and ;; inch. 
size. Further water sprays are applied over 
this screen to assist the screening operation 
and the two sizes of plus ; inch material 
(t.e.. — 2 inch + ¥ inch and - * inch + 
yx inch) go to the coarse concentration section 
of the plant, whilst the minus ;; inch material, 
with the wash water, flows by launder to the 
fine concentration section of the plant. 

Dealing first with the coarse concentration 
section, the two coarser sizes of material are 


is fed by four mechanically driven shaking 
feeders to four lines of Richards pulsator jigs, 
each line having 3 jigs in series. The first line 
of jigs deals with the coarser of the two sizes, 
— # + +} inch, whilst the third and fourth lines 
deal with the finer material, z.e.,- ~% + * 
inch. The second line of jigs can be arranged 
to work on either coarse or fine material as 
required. 

The construction of the Richards pulsator 
jig is shown in fig. 3. The jig consists essen- 
tially of a cast iron box which is filled with 
water and is provided with a fixed fine mesh 
sieve submerged a few inches below the 
surface of the water. Pulsations, at the rate 
of 160/200 per minute, are given to the water 
by means of a mechanically rotated valve on 
the water inlet to the jig box. Material is fed 
continually to the jig by the shaking feeder 
referred to above and forms a bed above the 
sieve, the continuous feed and water pul- 
sations causing the material to traverse across 
the jig. The pulsations also cause a segregation 
of the heavy and light particles, the heavy 
particles working their way to the bottom of 
the bed of material, whilst the light particles 
remain on the top of the bed and are discharged 
with the added water over a weir at the dis- 
charge end of the jig bed. Means are provide 


for 


th 














for drawing off the heavy particles at the side 
of the jig by an inverted cup. 

The heavy particles, or “‘concentrates,”’ from 
the first jig of each of the four lines consist of 
iron pyrites sufficiently clean to be despatched 
to the chemical works without further treat- 
ment. The light particles or “‘tails’’ consist 
of a mixture of shale, coal and particles of 
pyrites interleaved with shale or coal. The 
line of coarse jigs is shown in fig. 5. 

The jig concentrates with some water are 
discharged from the “‘cups” of the jigs to a 
scraper conveyor which passes under the four 
lines of jigs and traverses the length of the 
Concentrating Building to discharge to a chain 
and bucket elevator located outside the north 
end of the building. The elevator discharges 
to a dewatering scraper conveyor in which 
the pyrites settles out from the water in a 
narrow tank with a sloping bottom. The settled 
pyrites is scraped up the inclined slope by 
means of a slow moving chain armed with 
scraper plates and discharged over the end of 
the slope direct into railway wagons. 

The “tails” from the first jig of each line 
constitute the feed to the second jig of the line 
where a separation is effected as before between 
the heavy and light particles. 





Fig. 5._-Richards pulsator jigs: line of coarse jigs. 


In this case, however, the heavy particles 
consisting in the main of particles of pyrites 
interleaved with shale or coal, require further 
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treatment before despatch. The mixed 
particles or “middlings” are collected in 
another scraper conveyor passing under the 
four lines of jigs, and fed to a pair of crushing 
rolls by means of a chain and bucket elevator. 
The crushing rolls are set to crush down to 
about ; inch and the crushed product is dis- 
charged to the suction sump of a Morris 
centrifugal sand pump where water is added 
and the crushed “‘middlings’” pumped to join 
the feed to the double deck Sherwen screen 
referred to above. 

The “‘tails” from the second jig of each line 
consist of a mixture of particles of coal and 
shale and constitute the feed to the third jig 
of the line where again a separation is made 
between the heavy particles (shale) and the 
light particles (coal). The large volume of 
shale as compared with the coal, however, 
necessitates a modification in the design of the 
jig for the drawing off of the heavier particles, 
and the “‘concentrate cup”’ would be inadequate 
for dealing with the relatively large volume of 
shale to be handled. An adjustable submerged 
weir is therefore provided for the shale dis- 
charge which extends across the full width of 
the bed at the discharge end of the jig. 

Between the three jigs in each line special 
dewatering boxes are provided which 
separate the excess water from the 
solids and pass the dewatered solids to 
the next jig in the line. The excess 
water is laundered to the circular 
water storage tank located at the 
north end of the plant. 

The separated shale and coal pro- 
ducts from the third and last jigs of the 
lines are laundered to two concrete 
sumps, each being connected to the 
suction of Morris sand pumps which 
pump the solids and water to two 
Sherwen A.C. single deck dewatering 
screens equipped with wedge wire 
screen cloths. The dewatered solids 
from the Sherwen screen dealing with 
the shale, pass down a chuteto discharge 
outside the building to the aerial 
ropeway bunker for dumping into the 
sea, whilst the solids from the Sherwen 
screen dealing with the coal, fall direct 
into railway wagons standing on the 
track along the west side of the 
building. The water recovered from 
the two dewatering screens is returned 
to the water storage tank, that from the 
shale dewatering screen being first passed over a 
V shaped settling box to permit settlement of any 
fine solids which have passed through the screen, 
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whilst the water from the coal dewatering 
screen goes first to a Dorr thickener (to be 
described later) for a similar purpose. The 
solids from the settling box are discharged at 
intervals by a hand operated valve to join the 
thickened shale tailings from the Dorr thickener 
and are discharged to waste over the edge of 
the dump. 

Turning now to the fine concentration 
section of the plant, the minus ;; inch material 





Fig. 6. 
of pyrites diagonally across table deck, also splitters for 
dividing products. 


from the double deck Sherwen screen together 
with the added water flows by launder to four 
Callow dewatering cones in which the solids 
settle and the excess water overflows around 
the periphery of the cones carrying away the 
very fine material. The solids with some 
water are discharged from the bottom or apex 
of the cones in a continuous stream and flow 
by launder to 12 Fraser and Chalmers No. 7 
concentrating tables. 

The No. 7 concentrating table is shown in 
fig. 6 and consists of a table deck approximately 
rectangular in shape which is covered with 
linoleum and to which closely spaced tapering 
riffles are attached parallel with the long 
dimension of the table deck. The deck is 
carried on slipper bearings on a rigid under- 
carriage and is given a shaking motion (about 
270 strokes per minute) along its length by 
means of a specially designed head motion. 
The motion imparted to the deck is a slow 


No. 7 concentration table. Note riffles and band 
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forward movement at uniform acceleration 
and a quick return. The deck is set at a 
slight slope across its short dimension and 
wash water flows across the deck from a 
special box located along its upper edge, 
Material is fed to the table at the upper 
corner adjacent to the head motion and the 
shaking motion causes the particles to travel 


along the riffles and to stratify themselves § 


according to their specific gravities. The 
lighter particles, being at the 
top, are carried away over the 
riffles by the wash water to be 
discharged along the lower edge 
of the deck, whilst the heavier 
particles are carried along the 
rifles towards the end of the 
table. The slope of the deck, 
length of stroke and quantity of 
wash water are adjusted so that 
the heaviest particles, 1.e., pyrites, 
are carried the full length of 
the table deck and discharged at 
the end remote from the head 
motion, whilst the light particles, 
1.e., Shale and coal, are dis- 
charged along the side of the 
table, in decreasing order of 
specific gravities. 

An adjustable “‘splitter”’ plate 
is provided for making a cut 
between the shale and coal as 
they are discharged over the 
edge of the table. In addition, 
a “‘cut”’ is taken at the junction 
of the pyrites and shale bands, 
this pyrites-shale “middling” 
product being returned to the feed to the fine 
concentration section of the plant for retreat- 
ment as described below. The purpose of 
taking this “middlings’”? product is to reduce 
the risk of loss of pyrites with shale, or con- 
tamination of the pyrites with shale, which 
might occur if the operator failed to move 
the “splitter” plate, as variations occur in 
the position on the table of the junction of 
the shale and pyrites bands due to causes 
such as changes in the rate, or grade, of the 
feed to the table. 

The various products from the concen- 
tration tables, namely: pyrites, pyrites-shale, 
“‘middlings,”’ shale and coal, are collected as 
they drop off the edges of the tables, in chutes 
or troughs. The pyrites drops direct by 
chute into the concentrates scraper con- 
veyor, already described, fur discharge to 
railway wagons with the jig concentrates. 
The remaining three products are carried 





by wa 
of M 
being 
The 
10 jou 
from 


} thus : 
© for re 


the cc 
the S 


3 charg 


Fig. 


of th 


© from 


been 
charg 
toa ] 


} solids 


carry! 
Richa 


| The 


and 
dewat 


circu. 


revo 
spac 
bott 


vide 


the 





of 





© by water along launders to the suction sumps 


MAG a: VR ROR 


hss Ning BONE Sues 


RS Ey cde oe ee ee 


Sof Morris sand pumps, a separate pump 


being provided to deal with each product. 
The pyrites-shale “‘middlings” are pumped 
to joir the undersize (minus ; inch material) 


= from the double deck Sherwen screen and 
> thus azain pass over the concentration tables 


for retreatment. ‘The coal is pumped to join 
the co;.1 from the Richards jigs and passes over 
the Sherwen coal dewatering screen for dis- 
charge into railway wagons as already noted. 


Fig. 7 shows the concentration table section 


of the plant. 

The shale from the concentration tables 
from which the pyrites and coal have now 
been separated, is dewatered and then dis- 
charged to waste. ‘The shale is first pumped 


' toa Dorrco sand washer in which the coarser 
_ solids settle and are discharged into the chute 


carrying the dewatered shale from _ the 


» Richards jigs to the aerial ropeway bunker. 


» The 


fine shale and the water overflow 


hand pass to a Dorr thickener for further 
» dewatering. 


The Dorrco sand washer consists of a 


© circular tank set on an inclined base in which 


PYRITES RECOVERY AT HORDEN COLLIERIES 








183 


and above the level of the overflow weir, for 
the discharge of the settled solids. The 
coarser solids settle in the tank and are scraped 
up the inclined bottom by the revolving line 
of buckets to be discharged through the open- 
ing in the bottom of the tank. 

The Dorr thickener consists of a circular 
steel tank in which a slowly revolving mechan- 
ism sweeps the settled solids to a discharge 
opening in the centre of the tank bottom. 
The feed enters continuously at the surface 
at the centre of the tank and the clarified 
water overflows continuously over the whole 
periphery into an overflow launder. The 
settled solids, or ““underflow,” are withdrawn 
from the tank bottom by means of a duplex 
diaphragm pump and discharged to waste over 
the adjacent edge of the dump. The clarified 
“overflow” passes to the adjacent circular 
water storage tank. 

Three centrifugal pumps are provided for 
the water service to the plant. These pumps 
draw water from the storage tank, two of the 
pumps feeding a sectional steady head tank 
located in the tower above the Sherwen screens, 
whilst the third pump supplies the water 





Fig. 7. 


| Tevolves a spider carrying a series of closely 


S bottom. 





spaced buckets just clear of the inclined tank 
, On its lower side the tank is pro- 
vided with an overflow weir for discharge of 


| the water and fine solids, whilst an opening is 


located in the elevated side of the tank bottom 


No. 7 concentration tables. 


Note Callow cone in roof trusses. 


required for the sprays over the single and 
double deck Sherwen screens. The water for 
the Richards pulsator jigs is taken from the 
steady head tank, whilst a smaller steady head 
tank equipped with ball valve for control of 
the plant “make-up” water from the colliery 
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Company’s mains, supplies the clean wash rotor starters are provided adjacent to the 
water for the concentrating tables. motors which they control. An additional 
“OA” oil immersed circuit breaker is pro- 

ELECTRICAL EQUIPMENT. vided for controlling the electrical supply to 

The various machines in the plant are the Sherwen screens and feeders, each screen 
driven by totally enclosed, fan cooled and feeder having its own switch, fuses and 
“Witton” induction motors of the slipring or control rheostat. The electrical supply to the 
high torque squirrel cage type arranged for whole plant is controlled by a main circuit 
operating from a 3 phase 50 cycle 440 volt A.C. breaker of the oil immersed drawout pattern 
supply. Twenty-three motors in all are and a number of emergency “stop” push 
installed ranging from 5 to 60 h.p. A schedule buttons are provided at suitable points above 
of the motors driving the machines in the the plant. 
plant is given below. The motor starters com- 
prise standard type “OA” oil immersed ACKNOWLEDGMENTS. IN 
circuit breakers mounted together to form In conclusion the author desires to acknow- F 
two switchboards located at the north end ledge his indebtedness to the Directors of the 1 
and west side of the building. In the case of Horden Colliery Company, Ltd., and the 
the squirrel cage motors, the circuit breakers Sulphuric Acid Controller of the Ministry of pr 
act as direct-to-line starters, whiist in the Supply for their courtesy in granting perm-f in 
case of the slipring motors, the circuit breaker mission for the publication of the foregoing} sp 
acts as the stator switch and oil immersed information. . TI 
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SCHEDULE OF MOTORS. Sar 
. ur 
No. H.P. | R.P.M. Type For Griving : Type of Drive SO 
— — - . . - - — — a eS — = . — CO 
l 10 710 Sq. Cg. 15” Chain and Bucket E lev a ~ v. Rope fre 
l 15 725 Sq. Cg. 20” Continuous Bucket Elevator .. + Rope : 
] 60 980 Sl. Rg. 3’ ae Cone Crusher... pe se v. Rope 
] 15 725 Sq. Cg. - 2-18” « 36” Richards Jigs iA .. | V. Rope to Countershvt cu 
l 10 710 Sq. Cg. —No. 7 ‘Concentrating Tables... V. Rope to Countershaft th 
l 10 710 Sq. Cg. 6 No. 7 ne Tables and Shaking | eff 
Feeders... ap V. Rope to Countershaft is 
l 5 950 Sq. Cg. | 15” Scraper Conveyor (Jig ‘Middlings) Direct to gearing 
l 5 950 Sq. Cg. 8” Chain and Bucket Elevator (Jig Mid- L 
dlings) fe a's V. Rope he 
1 10 710 Sl. Rg. 17” «x 10” Crushing Rolls (Jig Middlings ) V. Rope to Countershaft th 
l 5 950 Sq. Cg. 15” Scraper Conveyor (Pyrites) .. : Direct to gearing i re 
l 5 950 Sq. Cg. 8” Chain and Bucket Elevator (Pyrites) .. V. Rope 
l 5 950 Sq. Cg. | 15” Dewatering Scraper (Pyrites) .. - Direct to gearing 5 th 
l 5 950 Sq. Cg. 7° Sand Washer (Shale Tailings) .. se Direct to gears ac 
l 5 950 Sq. Cg. 24 dia. x 8 Dorr Thickener - - Direct to gears en 
l 10 710 Sq. Cg. 2” Sand Pump (Jig Middlings) — - V. Rope ul 
l 174 970 Sq. Cg. 4” Sand Pump (Jig Shale) .. - ae V. Rope r 
l 12 960 Sq. Cg. 3” Sand Pump (Table Shale) - _ V. Rope VE 
l 10 710 Sq. Cg. 2” Sand Pump (Table Middlings) .. -. | V. Rope m 
I 5 950 Sq. Cg. 2” Sand Pump (Table Coal) es a V. Rope s 6fr 
l 10 710 Sq. Cg. 2” Sand P ump (Jig Coal) .. es ae V. Rope tr 
l 30 1460 Sq. Cg. 5” Water Pump to Screens .. oe Direct f 
4 47 1440 Sq. Cg. 5” Water Pump to Steady Head Tank .. Direct 2 
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Fluorescent Lamps. 


By H. G. JENKINS, M.Sc., F.Inst.P., 
G.E.C. Research Laboratories. 


INTRODUCTION. 


HE property possessed 

by certain discharges of 

radiating relatively large 
proportions of their energy 
in the visible part of the 
spectrum is well known. 
Thus efficiencies of the order 
of 50—70 lumens per watt 
are obtained from high press- 
ure mercury vapour and 
sodium vapour discharges 
compared with 10—15 L/W 
from tungsten lamps. 

In the low pressure mer- 
cury vapour discharge, on 
the other hand, the luminous 
efficiency of the discharge 
is only of the order of 5—10 
LW. Measurements show, 
however, that some half of the total energy in 
the positive column goes into the powerful 
resonance line of mercury at 2537A, while 
the remaining resonance line at 1850A 
accounts for about 10 per cent of the input 
energy. A considerable fraction of this 
ultra-violet energy can be converted into 
visible radiation by means of fluorescent 
materials, and since the colour of the light 
from the fluorescent materials can be con- 
trolled to a much greater degree than that 
from the discharge itself, it is thus possible to 
obtain light sources of greatly improved colour 
as well as of high efficiency. It is with the 
utilisation by means of fluorescence of the 
ultra-violet energy in the low-pressure mercury 
vapour discharge that this article is 
concerned. 


FLUORESCENT MATERIALS. 


_ The phenomenon of luminescence has been 
tully treated by a number of workers,'? and 
it is intended here to deal only with those 
aspects of the subject which are of importance 
irom the lighting point of view. The fluores- 





: Fluorescent lamps bid fair to 

: cause an even greater revolution 

: in lighting than did the invention 

: of gas-filled tungsten filament 

: lamps over 30 years ago. 

: The author discusses the more : 
: wmportant Iustorical, theoretical : 
: and practical aspects of these 
: new light sources. 
: 1s treated in a general way, but 
: @ brief account 1s given of lamps 
: marketed in this country. 

: This article is partly based on 
: a paper read before the Royal 
: Soctety of Arts and published in 
: the Fournal of the Soctety No. 
: 4610, Vol. XC, April 3rd, 1942. 
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cent materials which are of the 
greatest interest in illuminating 
engineering are the inorganic 
types of which zinc sulphide 
and willemite are perhaps 
the best known. These 
powders are made luminescent 
by the addition of traces of 
certain heavy metals, such 
as copper and manganese, 
and subsequent furnacing at a 
high temperature. The effect 
of the heat treatment is to 
convert the amorphous powder 
into minute crystals, each one 
of which becomes a tiny 
light source when irradiated 
with ultra-violet radiation of 
suitable wave-length. 

The first low pressure fluo- 
rescent tubes to be made available commercially 
were the well-known high-voltage cold-cathode 
tubes which were extensively developed in this 
country by the Claude-General Neon Lights 
Co., Ltd. These early tubes used sulphide 
powders in conjunction with the mercury 
discharge, but since sulphide powders are 
excited mainly by long wave _ ultra-violet 
which is very weak in the low-pressure 
discharge, there was little or no gain in effici- 
ency by their use. Nevertheless, these early 
fluorescent tubes enabled a range of new 
colours to be obtained which proved of im- 
mense value in the field of advertising and 
decorative lighting and served to stimulate 
much interest in the possibilities of fluorescence 
for general lighting. 

A considerable step forward was made by 
the introduction of zinc beryllium silicate. 
McKeag and Randall,’ working in this 
country, Leverenz,* in the U.S.A., and the 
Telefunken Company® in Germany, independ- 
ently investigated the properties of this 
compound which, when activated by man- 
ganese, becomes highly fluorescent. Leverenz 
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and the Telefunken Company were interested 
in the excitation of this powder by cathode 
rays, and McKeag and Randall investigated 
its properties in low-pressure mercury dis- 
charge tubes. The importance of zinc 
beryllium silicate lies in the fact that it can be 
prepared in a variety of yellowish-white and 
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Fig. 1. 

(wavelengths in Angstrom units). 
Caicium tungstate. 
| Magnesium tungstate. (f) 
Zinc silicate. (@) 


ove 


reddish fluorescent colours and its efficiency, 
when excited by the low-pressure mercury 
discharge, is high. 

The properties of magnesium tungstate, 
which fluoresces with a pale blue colour in the 
low-pressure discharge, had previously been 
investigated at the Research Laboratories of 
the G.E.C. Ltd., Wembley,® where it was 
shown that good white colours were obtained 
by mixing this material with red-fluorescing 
substances. 

Two further interesting new fluorescent 
compounds, which are of considerable im- 
portance for low-pressure fluorescent lamps, 
were developed some time later. ‘These are 
cadmium chlorophosphate and cadmium 
borate. The former compound was discovered 
at Wembley’ and the latter, which is some- 
times used, in conjunction with other powders, 
to obtain warm white colours, was discovered 
in the U.S.A.° Cadmium chlorophosphate 
resembles the red-fluorescent variety of zinc 
beryllium silicate in many respects, and is of 
particular interest because it can be prepared 
with a relatively long afterflow. A number of 
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‘Spectra of fluorescent powders used for fluorescent lamps 


(d) and (e) Zinc beryllium silicates. 
Cadmium chlorophosphate. 
Cadmium borate. 
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highly interesting new powders of this class 
have more recently been discovered at the 
G.E.C. Research Laboratories and are now 
finding important application in fluorescent 
lamps. 

Fig. 1 shows fluorescent spectra of various 
fluorescent compounds which are of im- 
portance for low-pressure 
discharge tubes. Typical 
energy distribution curves 
for zinc beryllium silicate 
and magnesium tungstate 
and for a mixture of the 
powders giving a daylight 
colour are given in fig. 2. 
By choosing suitable mix- 
tures of these powders 
it is possible to obtain 
energy distributions similar 
to those associated with 
temperature radiators, such 
as the tungsten filament 
lamp or even the sun itself. 


(a) 
(b) 
(c) 
(d) 
(€) 
(f) 
(8) 


COLD CATHODE FLUO- 
RESCENT LIGHTING. 

Most of the fluorescent 
powders described above 
were extensively employed 
in this country in a system 
of high-voltage fluorescent 
lighting which reached a 
high pitch of perfection 
just before the war.? In this system the 
powders are not necessarily mixed together 
in a single tube, but each tube usually con- 
tains a single powder and the coloured light 
from the different fluorescent tubes is blended in 
the lighting unit. In this way attractive decora- 
tive effects are obtained, and at the same time the 
mixed light gives good colour rendering. ‘This 
system has the further advantage that neon- 
filled fluorescent tubes!° can also be used in 
addition to the mercury type, and this enables 
a larger range of white colours and effects to 
be obtained than is possible by mixing the 
powders in a single tube. Mixtures of 
magnesium tungstate and zinc beryllium 
silicate or cadmium chlorophosphate in the 
same tube to give a light of daylight colour 
were also used for such purposes as showcase 
lighting, where no advantage is to be obtained 
from the decorative effects of the coloured 
tubes. 

The type of high-voltage fluorescent lighting 
unit standardised in this country comprises 
straight tubes about 9 ft. long and ? inch im 
diameter, although other lengths and diameters 
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of both straight and curved tubing are often 
employed. In the usual arrangement the tubes 
are pliced side by side about an inch apart, the 
two outer tubes being of one colour, and the 
middie tube having a different fluorescent 
coating. A typical unit comprises two outer 
tubes coated with zinc beryllium silicate and a 
central tube coated with magnesium tungstate, 
or the outer tubes may be coated with a 
mixture of zinc beryllium silicate and mag- 
nesium tungstate with a central tube of the 
neon fluorescent type. Such units give a wide 
range of resultant colour varying from warm 
pink or orange tones for recreational lighting to 
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Fig. 2. -Spectral energy distribution of fluorescent powders. 


colours of the daylight type for commercial 
and industrial lighting. 

The units are usually run from leakage 
reactance transformers, one transformer 
operating from four to six tubes in series 
according to the type. The high open cir- 
cuit voltage of the transformer starts the 
discharge instantaneously. Sometimes it is 
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convenient to use two smaller transformers 
connected in tandem in place of a single large 
type. 

Partly owing to the current limitations 
imposed by cold cathode electrodes the cur- 
rent through these high voltage lamps is 
generally lower than used in hot cathode types. 
The lamps are, consequently, of very low 
brightness which for many purposes is an 
advantage. On account of the higher cathode 
losses, the initial luminous efficiency of cold 
cathode fluorescent lamps is lower than that of 
corresponding hot cathode tubes. This is, 
in a large measure, compensated by the good 
lumen maintenance and long life which the 
low lamp current and absence of emissive 
cathodes make possible. 

It is not intended to deal further with cold 
cathode lamps in the present article, which is 
concerned mainly with hot cathode types. 
It may be said however that the special 
characteristics of cold cathode fluorescent 
lamps are likely to ensure them a permanent 
place in the more specialised branches of 
lighting. 


HOT CATHODE FLUORESCENT LAMPS. 


The need for high-voltage to operate the 
tubes described above restricts their use to 
somewhat specialised types of lighting. 
Nevertheless, their undoubted success stimu- 
lated widespread interest and contributed 
largely to the development of similar lamps 
capable of operating directly from normal 
supply voltages. The first steps in the develop- 
ment of the latter tubes had already been 
taken with the introduction of hot-cathode 
flood-lighting lamps and the general technique 
established for cold cathode fluorescent tubes. 
The development of the new powders des- 
cribed above and their subsequent utilisation 
for high-voltage fluorescent lighting paved 
the way for the final steps. 

Before the second great war, considerable 
progress was made in Great Britain, Europe 
and particularly in the U.S.A.,'''? in the 
development of fluorescent tubes of the 
general dimensions of the familiar hot-cathode 
flood-lighting tubes, but of considerably 
lower wattage. The reduced loading not only 
favoured the production of short-wave ultra- 
violet radiation, but permitted the use of 
electrodes of different construction and of 
much lower heat capacity which simplified 
the circuit and operating equipment. ‘The 
hot cathode voltage drop is only some 15 to 
20 volts compared with 150 to 200 volts for 
cold cathodes. The tube length of mains 
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voltage fluorescent lamps is limited to a few 
feet to keep the lamp voltage well below that 
of the supply—an essential feature for stable 
operation—and the wattage dissipated per foot 
of tube is generally considerably higher than 
in cold cathode tubes. 


ENERGY TRANSITIONS IN THE MERCURY 
ATOM. 

It is instructive to deal briefly with some 
important theoretical considerations which 
bear on the design of fluorescent lamps. In 
the following section it is assumed that the 
reader is familiar with the Rutherford-Bohr 
conception of atomic structure in which 
electrons move in definite orbits around a 
relatively massive, positively-charged nucleus. 
The outermost electrons can, under discharge 
lamp conditions, absorb energy which causes 
them to move in new orbits at greater dis- 
tances from the nucleus. Energy may be 
emitted by the excited atoms, the electron 
simultaneously returning to its original orbit 
or to another one nearer the nucleus.* ‘This 
conception of the atom has now given place to 
the more complex wave-mechanical model but 
the earlier theory is still widely used for 
elementary discussions and serves well for the 
present purpose. 

Fig. 3 shows the energy level diagram of the 
neutral mercury atom: the vertical scale 
represents electron energies expressed in 
electron-volt units, 1.e., the energy gained by 
an electron when accelerated through an 
electric field of one volt potential difference. 
When a mercury atom is excited in a discharge 
tube the outer electron absorbs energy and the 
horizontal lines indicate the possible electron 
energy levels. The upper horizontal line at 
10-43 volts corresponds to the energy required 
to remove the electron from the atom or, in 
other words, to ionise the atom. It will be 
noted from the diagram that the transitions 
between the excited levels at 6-70 volts and 
4-89 volts and the normal level are res- 
ponsible for the ultra-violet lines at 1850A 
and 2537A respectively. Also that all the 
visible lines in the mercury arc spectrum are 
due to transitions between levels above the 
zero level. 

An electron at any given energy level is 
capable of absorbing radiation due to a trans- 
ition which terminates in that level and is 
excited to the upper level of the transition as a 
result. It is for this reason that normal 
unexcited mercury atoms, whose outer elec- 


* See also: Electric Discharge Lamps by V. |]. Francis and 
H. G. Jenkins, published by Ti = G.E.C. Ltd., July 1, 1941. 
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trons are, of course, in the zero energy state, 
can absorb ultra-violet radiation of wave- 
length 1850A and 2537A, the electrons being 
excited to the 6-70 and 4-89 volt levels 
respectively. Radiation capable of being 
absorbed in this way by unexcited mercury 
atoms is often termed resonance radiation, 
The problem of obtaining high luminous 
efficiency in fluorescent lamps is that of pre- 
venting loss of energy other than by radiation 
from the resonance levels. 

A quantum of 2537A radiation generated 
near the axis of a mercury discharge tube may 
be absorbed and re-emitted many times 
before it finally reaches the walls of the tube. 
This process increases the effective time 
spent by the electron in the 4-86 volt level 
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Fig. 3._-Energy transitions of the neutral mercury atom 
(wavelengths in Angstrom units). 


and with it the probability that it will be 
excited to one of the higher levels whence 
it can escape only by the emission of a line in 
the visible. Thus, increasing the concen- 
tration of unexcited mercury atoms, eg., by 
increasing the mercury vapour pressure, 
results in a reduction of the resonance radi- 
ation and an increase in the visible radiation 
emitted by the discharge. 

Increasing the current density also increases 
the probability that electrons in the 4-86 volt 
level will be excited to one or other of the 
higher levels, by providing a higher con- 
centration of electrons in the discharge for 
cumulative excitation. The effectiveness of 
cumulative excitation in reducing resonance 
radiation is further increased by the fact that 
the levels at 4-67 and 5-46 volts are metastable, 
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that is to say, electrons in these levels cannot 
return to the zero level directly but only 
throuch higher levels. The close proximity 
of these metastable levels to the resonance 
levels means an increased probability that 
electrons in the resonance state will be excited 
to these nearby levels by inelastic collision. 
Thus both high pressure and high current 
density are unfavourable for the production 
of resonance radiation 

If the mercury vapour pressure is below a 
certain optimum value, the number of atoms 
available for excitation to the resonance levels 
becomes too small and the efficiency of pro- 
duction of resonance radiation again falls off. 
Generally speaking it may be said that for a 
fixed pressure of mercury vapour the efficiency 
of production of resonance radiation, and 
hence the luminous efficiency of fluorescent 
lamps, imcreases with decreasing current 
density and for a fixed current density there 
is an optimum pressure of mercury vapour. 

In what has been said no mention has been 
made of the function of the inert gas, generally 
argon, which is always used with the mercury 
in fluorescent lamps. The argon filling 
facilitates starting which, without the rare gas, 
would be very difficult owing to the low 
concentration of mercury atoms in the dis- 
charge space at normal temperatures. The 
re-ignition of the discharge during the normal 
cyclic change in the supply voltage is also 
made easier with rare gas present since more 
ions persist in the tube from one half cycle 
to the next. 

The above theroretical considerations are of 
great importance in furthering our under- 
standing of low pressure fluorescent lamps, 
but no one has yet succeeded in devising a 
quantitative basis for the design of these, or 
for that matter any other type of discharge 
lamp, from purely theoretical reasoning. Pract- 
ical discharge lamps are the result of prolonged 
experimental investigation backed by a full 
knowledge of the theoretical factors involved ; 
the final design is invariably a matter of com- 
promise between a large number of often 
conflicting considerations. 


CIRCUITS FOR HOT CATHODE FLUORES- 
CENT LAMPS. 

Before discussing the more important char- 
acteristics of hot cathode fluorescent lamps 
it will be of interest to describe briefly the 
Principal circuits which have been evolved to 
Operate them.'*'4 The common feature of 
all these circuits is the current limiting device 
which, on A.C. supplies, is generally an 
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inductive impedance or choke, and on D.C. 
supplies, a resistor. The advantage of the 
former is, of course, its relatively low energy 
dissipation, the gear losses amounting to be- 
tween 10 and 25 per cent according to the 
particular design. 

Auxihary Electrode Arrangement. This was 
one of the earliest circuits to be considered 
and is the same as that already in use for the 
lower wattage floodlighting tubes. The dis- 
charge tube has an auxiliary electrode close to 
each hot cathode. These auxiliary electrodes 
are connected together by means of a high 
resistance R as shown in fig. 4. When the 
supply is switched on, the filaments are immed- 
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Fig. 4.-Auxiliary electrode circuit. 


iately heated by means of a small trans- 
former. The intense field set up across the 
small gaps between the filament and the 
auxiliary electrodes starts a glow discharge 
close to each filament, the current through 
which is limited by the resistance R. This 
provides sufficient ionisation to enable the 
supply voltage to start the discharge. The 
filament heating is automatically reduced 
once the lamp starts, since then the voltage 
across the primary of the filament transformer 
falls to that across the tube. The objections 
to this circuit are the need for three pin 
contacts on the tube and uncertain starting 
with the longer lamps, particularly at low 
mains voltage. 

Resonance Circuit. One arrangement of the 
resonance circuit is shown in fig. 5. When the 
supply is first switched on the two chokes, 
capacitor and filaments are in series. The 
circuit is in approximate resonance at the 
frequency of the supply and the resultant high 
voltage across the lamp starts the discharge 
when the filaments become heated. When the 
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lamp starts the circuit is no longer in reson- 
ance, the voltage across the lamp falling to the 
normal lamp voltage. Starting with this cir- 
cuit is very satisfactory ; the disadvantage is 
the high voltage which remains across the 
tube if for any reason, such as an air leak, the 
latter fails to start. Also the gear required on 
normal frequency supplies is somewhat bulky 
and expensive. As mentioned later great 
simplification in the gear for resonance circuits 
can be achieved for higher frequency supplies. 

Cold Starting Circuit. This circuit, which 
is similar to that already in extensive use in 
this country for operating sodium vapour 
lamps, is shown in fig. 6. A leakage reactance 
auto-transformer steps up the mains voltage 
to perhaps 450 volts which is sufficient to 
start the arc of mains voltage lamps without 
any preheating of the electrodes. The 
transformer has a characteristic similar to 
that shown in fig. 7 where V, and I, are the 
lamp voltage and current respectively. 

Since the electrodes are cold during starting 
the cathode fall of potential is high and 
positive ions, accelerated in the resultant 
strong electric field near the cathode, dis- 
integrate the emissive coating; unless the 
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Fig. 5.-Resonance circuit. 


cathode is specially designed to withstand 
bombardment the life of the lamp is greatly 
shortened. The high open-circuit voltage, 
which is of course in itself a disadvantage, 
necessitates a relatively large transformer, and 
a correspondingly large capacitor is required 
to correct the resultant low power factor. 
Starting Switch Circuit. Fig. 8 shows the 
general arrangement. The choke is con- 
nected in series with the mains and the fila- 
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mentary electrodes by means of the switch as 
shown. This switch may be a simple hand 
operated type or automatic in action, and 
various types of automatic switch have been 
used, for example delayed action mercury 
switches, electro-magnetic switches or Vi- 
brators and glow discharge or coil-heated 
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Fig. 6.—Cold starting circuit. 


bimetallic switches. C; is a power factor 
correction capacitor. The function of the 
small capacitor C2 which has a capacity of 
about 0-02 «F is to suppress radio interfer- 
ference (see later section). 

Using a hand operated starting switch such 
as a 5 amp. tumbler type, the procedure to 
start the discharge is to switch on the supply 
with the starting switch closed; the fila- 
ments immediately heat up and the higher 
saturation current of the choke facilitates this 
heating. After a second or so the starting 
switch is opened, thus interrupting the heating 
current, and the resulting inductive voltage 
impulse across the lamp starts the discharge. 
During operation the discharge maintains the 
cathodes at the correct temperature and no 
separate heating is required. By suitably 
choosing the resistance of the filament, the 
voltage across it during the heating period may 
be made greater than the ionisation potential 
of mercury (10-43 volts). This causes an arc 
to develop across the ends of the filaments 
which assist in conditioning the emissive 
surface and helps starting by providing a 
copious supply of ions. 

The above circuit is fundamentally the same 
as that in general use both in the U.S.A. and 
in this country. Its importance lies in the 
simplicity and cheapness of the gear which 
comprises, essentially, a choke and a starting 
switch ; the filamentary electrodes are heated 
by the mains current controlled by the choke, 
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Fig. 7.—Leakage reactance transformer characteristic. 


and the impulse voltage necessary to initiate 
the discharge is provided simply by inter- 
rupting the highly inductive filament heating 
circuit. Thus, no special transformer or 
resonance circuit is required to heat the 
cathodes or to provide an excess of voltage over 
the supply voltage to start the discharge. The 
circuit arrangement for operating two short 
lamps in series is shown in fig. 9. 

In practice, either a glow starting switch, 
shown in fig. 10, or a coil heated thermal 
starter, both of which are completely automatic, 
is used across the lamp to start the discharge. 
The heater coil for the latter starter is shown 
connected in fig. 8 by dotted lines. The glow 
starter has only two leads and the additional 
leads for the heater of the thermal starter are 
short-circuited when a glow starter is used. 
The operation of these devices is fully des- 
cribed in the paper mentioned at the beginning 
of this article. 

The Twin Tube Circuit. This circuit which 
is fundamentally the same as the American 
Tulamp circuit, is shown in fig. 11. It 
comprises essentially two lamps, one of which 
is controlled by a choke, as described above, 
and the other by a capacitative reactance. The 
two lamps operate quite independently but 
they are usually arranged in juxtaposition so 
that their light mixes on the working plane 
with reduced stroboscopic flicker as discussed 
later. 

The current in the inductively controlled 
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lamp lags in phase behind the mains voltage, 
while that in the capacitatively operated lamp 
leads the voltage by the same amount. Thus 
the lagging power factor in the first lamp is 
corrected by the leading power factor in the 
second, giving an overall power factor close 
to unity for the circuit. It will be noted that 
in the capacitatively operated lamp a choke is 
used in series with the capacitor to improve the 
bad current wave form which obtains if 
a capacitor is used alone on supplies of 
normal commercial frequencies. This matter 
is discussed later in the section on higher 
frequency operation. : 

Owing to the constant current character- 
istic of the capacitative reactance advantage 
cannot be taken of the higher saturation cur- 
rent of the choke to ensure quick heating of 
the filaments during starting. “To overcome 
this difficulty an additional choke, known as a 
compensator, is sometimes used in series with 
the starter. ‘This increases the starting cur- 
rent since the system is then more nearly in 
resonance ; the compensator is out of circuit 
as soon as the starter contacts open and the 
lamp starts. 

Tulamp Cold Starting Circuat. A modi- 
fication of the cold starting circuit has been 
introduced in America in which a tightly 
wound auto-transformer, having an open- 
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Starting switch circuit. 








Fig. 8. 


circuit voltage close to 450 volts, operates two 
lamps in parallel circuits, one inductively and 
the other capacitatively. The circuit is shown 
in fig. 12, from which it will be seen that the 
primary supply to the transformer is fed 
through one lamp holder of each lamp. These 
holders are fitted with switches which inter- 
rupt the transformer supply should one or 
other of the lamps be removed. This ensures 
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that the rather high open circuit voltage 
cannot occur across the holders except when 
both lamps are in place. 

Starting switches are not employed in this 
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Fig. 9.—-Starting switch circuit: two lamps in series. 


circuit, the voltage of the transformer sufficing 
to start the lamps with the electrodes cold. 
The latter, of course, operate as hot cathodes 
when the arc starts as in the cold starting 
circuit described above. The weight of gear 
per lamp in the Tulamp cold starting circuit is 
somewhat less than in the latter circuit and no 
power-factor correction is necessary. Com- 
pared with the Twin Tube circuit shown in 
fig. 11, however, the gear is heavier and more 
expensive. The only advantage of the circuit 
over the Twin Tube circuit is that starting 
Switches are not required and the lamps start 
instantaneously. 

Direct Current Circuit. Fluorescent lamps 
are intended primarily for use on A.C. supplies. 
The series choke used on A.C. has a resistance 
of only a few ohms and on D.C. mains is no 
longer capable of limiting the current to the 
required value. If the lamps are to be oper- 
ated on direct current supplies a resistor of the 
correct value and rating must be used in series 
with the lamp; a choke is necessary to pro- 
vide the inductive voltage impulse to start the 


discharge. The value of the resistor may 
readily be determined from the expression : 
Via — V; 
R = - R, 
l; 


where V,, is the supply voltage, V; and J; are 
the lamp voltage and current on D.C. res- 
pectively and R, is the resistance of the choke. 
The value of the inductance is not critical and 
in most cases a choke of about a henry is 
sufficient, but it must be capable of carrying 
the lamp current continuously. If the choke 
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is placed between the starter and the lamp, 
where it only functions during the starting 
period, it may be much less liberally rated, 


It is not advisable to do this, however, since, § 


if the lamp fails to start, the choke may be 
destroyed by over-heating through being 
subjected to the starting current for a long 
period. 

The D.C. circuit is shown in fig. 13. S, is 
a starting switch which may be either a glow 
or coil heated starter. The normal A.C. 
glow starter may be found rather slow in 
action on D.C. if the bimetal is connected to 
the positive pole of the supply and a special 
D.C. starter should be used. C is a radio 
suppressor similar to that shown in fig. 8 
and the mains switch S;, which may control 
a group of lamps, also serves to reverse the 
polarity of the lamp electrodes each time it is 
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Fig. 10._-Glow starter. 


operated. The purpose of this polarity 
reversal is to counteract the tendency, on 
direct current, of the mercury to accumulate 
at one end of the lamp with consequent 
reduction in light output at the other end. 
This effect, known as electrophoresis, occurs 
in D.C. discharges through mixed gas or metal 
vapours, the more electropositive component— 
ionised mercury vapour in fluorescent lamps 
—tending to concentrate at the cathode. 
Starting is generally more difficult on D.C. 
than on A.C. supplies of the same nominal 
value owing to the absence of peak voltages. 
Lamps designed mainly for use on A.C. may 
have a reduced life on D.C. due to asymmetry 
in the utilisation of the emissive material on 
the cathodes. Stroboscopic flicker and power 
factor correction problems do not, of course, 
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arise in D.C. operation and although colour 
and |1mp efficiency are substantially the same 
as on A.C., the overall efficiency is reduced 
on account of the additional wattage loss in 
the series resistor. 

Hizher Frequency Operation. As 
the ‘requency of the supply used 
for fluorescent lamps is increased the 
number of ions in the discharge at 
the end of each half cycle, when the 
current in the tube is, of course, 
zero, becomes greater since the time 
for deionisation to take place becomes 





progressively less. The effect of | 
this increased residual ionisation is  /MAINS 
to reduce the peak voltage necessary 





to restart the discharge each half 
cycle; as a consequence, the wave- 
form of the tube voltage becomes 
more nearly sinusoidal and the effective 
lamp voltage is reduced. This in turn 
leads to an increased probability of excitation 
of resonance radiation and an improvement in 
the luminous efficiency of the fluorescent 
lamp as the frequency increases. The overall 
efficiency of a group of fluorescent lamps may, 
however, be less than when operated on normal 
supplies due to generator losses. 

The effects described above become marked 
at frequencies greater than about 250 cycles 
when a simple resonance circuit such as shown 
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as soon as the tube becomes conducting the 
capacitor discharges rapidly through the tube 
causing bad flicker and rapid deteriora- 
tion of the electrodes because of the 
high instantaneous value of the current. 
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Fig. 12.—-Tulamp cold starting circuit. 





An important advantage of higher fre- 
quency operation is the greatly reduced size 
and weight of the gear which makes it very 
attractive for specialised lighting such as on 
aircraft, ships and trains, where weight and 
space are important considerations and where 
a normal electrical supply is not in any case 
available. Onthe other hand, noise from both 
generator and gear becomes a problem at higher 
frequency and may seriously limit its use. 


POWER FACTOR. 
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characteristic of fluorescent discharge 
lamps and the need for a current 
limiting device in series with the 
lamp, it is mecessary, for stable 








operation, to provide a considerable 
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excess of mains voltage over lamp 
voltage. Allowing for fluctuations in 
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the supply voltage and other variables 
this excess is usually not less than 
70 per cent of the lamp voltage. Under 
these conditions the uncorrected power 
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Fig. 11.-Twin tube circuit. 


in fig. 14 may be used. The values of L and 
C are chosen so that the voltage across C is 
insufficient to start the discharge before the 
filaments are correctly heated. As mentioned 
earlier, a circuit of this type is not satisfactory 
on normal frequency supplies since C then 
becomes charged each half-cycle to the much 
higher peak restarting voltage (see fig. 15); 








capacitative circuit is generally of the 
order of 0-5. 

It will be clear that if the lamp volt- 
age is reduced by making the lamp 
shorter the current limiting impedance will re- 
quire to be made larger to absorb the greater 
excess of mains over lamp voltage and the 
uncorrected power factor of the circuit will be 
reduced in consequence. It is for these reasons 
desirable for the lamp voltage to be as high 
as is consistent with other requirements 
and for short lamps to be operated in 
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series wherever possible, as shown in fig. 9. 

In inductively controlled fluorescent lamp 
circuits the lagging power factor is generally 
corrected to 0-8 or greater by a capacitor 
(C; in fig. 8) connected across the supply 
leads. Sometimes a group of such circuits is 
corrected by a single larger power factor 
capacitor. The other method of improving 
the power factor, by using a capacitatively 
controlled circuit in association with each 
inductively operated circuit, has already been 
mentioned in connection with figs. 11 and 12. 

Fig. 15 shows oscillograms of the lamp 
current and voltage of a typical fluorescent 
lamp. Although these are exactly in phase 
it is found that the product of the voltage and 
current in the lamp is always slightly greater 
than the lamp wattage due to their wave 
forms being not quite sinusoidal. The 
relation between the two quantities can be 
expressed by 

V ed A a = W, 

where F, which may be called the lamp power 
factor or the form factor, is generally about 
0-9, 
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Fig. 13.—Circuit for direct current operation. 


Despite the existence of this form factor 
the capacity in »F required to correct the 
power factor of an installation of fluorescent 
lamps can be determined to a sufficient degree 
of accuracy from the following expression, 
derived for sinusoidal wave forms : 

W x 10° 
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when W = Total wattage (including gear 
losses) of the installation. 

Vm = Supply voltage. 








n. == Supply frequency. 
{; = Total lamp current. 
P = Required power factor. 
a. 
me i} : 
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Fig. 14.—-Resonance circuit for higher frequency supplies. 


FLICKER EFFECTS. 


The light output from discharge lamps 
operating on _ alternating-current supplies 
varies in intensity throughout the cycle in 
phase with the current. Rapidly moving 
objects illuminated by the discharge tend to 
disappear at the positions they occupy in space 
at the instants of zero current. This, due to 
persistence of vision, may give rise to a multi- 
plicity of images of the moving object, or of 
the source itself if the image of the lamp is 
made to pass quickly over the retina. This 
stroboscopic flicker is greatly reduced in 
fluorescent lamps owing to the persistence of 
the glow from the luminescent powder through 
the zero value of the current, and for most 
purposes is of no consequence. 

If the lamps are operated on three-phase 
supplies, their light minima in the different 
phases are displaced in phase relative to each 
other and the mixed light is practically non- 
stroboscopic. Asimilar result may be obtained 
on single-phase supplies by operating the 
lamps in the Twin Tube circuit shown in 
fig. 11. As already explained, the cycle vari- 
ations of the current and therefore of the 
light in the inductively operated lamps are 
out of phase with those of the capacitatively 
controlled lamp. ‘The stroboscopic flicker in 
the mixed light from the two lamps is about 
the same as that obtained by operating them 
on two phases of a three phase supply. 
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There is another type of flicker which is 
some'imes observed in discharge tubes, partic- 
ularl) when the light from the electrode falls 
on the periphery of the retina. This is due 
to the cathode glow forming on the electrode 
once each cycle giving a flicker of half the 
frequency of the normal stroboscopic flicker. 
This flicker may be completely eliminated by 
obscuring the ends of the tube. 


RAD!O INTERFERENCE. 

Most discharges develop high frequency 
oscillations and, unless a suppressor is fitted to 
them, radiation of radio wavelengths may be 
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Fig. 15.—Fluorescent lamp current and voltage waveforms. 
(50 cycle supply). 


emitted from fluorescent lamps and circuits at 
sufficient intensity to affect nearby sensitive 
receivers tuned to weak signals. 

The suppressor takes the form of a small 
capacitor of about 0-02 uF connected across 
the lamp as shown in fig. 8 although in practice 
it is usually associated with the starting switch 
for convenience. This is the so-called sym- 
metric suppressor and it is important that it 
should be in close proximity to the lamp to 
reduce radiation from the wiring. While the 
symmetric suppressor may suffice to meet 
the requirements of British Standard No. 
S00, it is advisable to use, in addition, an 
asymmetric suppressor comprising a split 
capacitor of 0-005 + 0-005 ,F capacity 
connected across the mains close to the choke, 
the centre point being connected to earth. 
Information on the diagnosis of radio inter- 
ference troubles in fluorescent lamp instal- 
lations and their cure is given in a paper by 
Stoyle in this Journal.'5 


COLOUR. 


_ In discussing low-pressure fluorescent lamps, 
it is usual for reasons of brevity to speak 
about the colour of the lamp or of the light, 
when what is actually meant is the colour- 
rendering. This may sometimes lead to 
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confusion, but generally the context makes it 
obvious what is intended. 

The fluorescent coating is usually applied 
as a suspension in a suitable organic resin 
which is subsequently dispersed by baking to 
about 500°C. The composition of the powder 
mixture to give any particular white colour is 
only arrived at after considerable experimental 
work. Before the war, a number of white 
colours for low-pressure fluorescent tubes 
were developed in this country, of which two 
have now become standardised by the leading 
lamp manufacturers: (1) a daylight colour 
approximating to noon sunlight; (2) a warm 
white colour, for recreational lighting. 

Fig. 16 shows a spectrum photograph of 
the light from the daylight lamp compared 
with that of noon sunlight. ‘The apparent 
fall in the intensity in the green, about 5,000 A, 
is due to the characteristics of the photo- 
graphic plates which are very insensitive in 
this region. ‘The colour of the tube when 
alight is cream-white and the colour-rendering 
is adequate for practically all purposes except 
those involving critical discrimination of 
colour, for which natural daylight, or special 
daylight sources, such as the carbon dioxide 
lamp, are normally used. 

It is a matter of common experience that 
light of daylight quality at low illumination 
levels produces a depressing effect and, 
conversely, that this form of light is by far 
the most effective when the illumination level 
is high. Perhaps the most significant feature 
of the new fluorescent sources is that they 
provide artificial daylight which makes general 
illumination values of 50 or even 100 e.f.c. 
with this form of light an economic reality. 
It cannot be too strongly emphasised that no 
ultra-violet radiation of shorter wavelength 
than that present in natural daylight is emitted 
by the lamp ; all harmful short wave radiation 
is completely absorbed by the fluorescent 
coating and glass envelope of the lamp. 

The development of warm white colour 
presents certain difficulties. A group of 
observers is generally prepared to agree as 
to what constitutes a good daylight colour 
from fluorescent lamps, but the same group is 
more than likely to disagree on the subject of 
warm white colours. ‘The difficulty may be 
partly due to the absence of a generally 
accepted standard of warm white light and 
partly to the unusual nature of the colour 
distortion produced by warm white fluorescent 
tubes ; for example, certain blue colours are 
distorted towards purple by the latter sources 
and towards green by tungsten lamps. ‘The 
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extent of the colour distortion from the bare considerations the order of the luminous ™4Y * 
lamps is probably about the same in each case. efficiency we may expect from low-pressure™ ¥°.* 
It should be remarked, however, that tungsten fluorescent tubes giving a colour rendering Wit 
light is rarely accepted without modification approximating to daylight. The probable fact: 
for recreational or domestic lighting, the usual maximum efficiency, Ey.:, is given by them 
practice being to change its spectral distri- expression : prep 

bution either directly by coloured glass fittings Emax = 0-6 X 620 x F,.F2F; regal , 
or indirectly by reflection from coloured sur- sities best 

faces. This is, of course, only possible at the 0.6 Ultra-violet energy in watts at norte 

—" of efficiency. 2,537A for each watt input. ant 
The warm white colour finally agreed be- ty ssn ‘Shama wer € licht | que 
tween the leading lamp makers in this country A acc rw ee eee ratio 

is the result of prolonged study of all the : fa: OS et BE emit! 

often conflicting factors involved. The light Fy Luminosity distribution factor of J) effic 

is sufficiently warm for the lamp to be used the fluorescent light. value 

without red, pink or amber shades which F, = Efficiency of transformation of J) usua 

absorb so much of the light from tungsten 2537A ultra-violet into visible en 

lamps and experience suggests that with the radiation. in th 

increasing use of fluorescent lamps the use of F, Quantum efficiency of the fluores- E, 

such devices will largely disappear. cent material. B 

~ It is well known that 

~ © S for each watt radiated at gu 

= re = S 5,50A some 620 lumens day 

2 ° @ 7 a , " me 8 yn 

bs od o are obtained. This is some- o | 

times called the electrical 40) 

(a) equivalent of light. If the : 

Same amount of energy _ 

(b) is emitted as light of any ~ 

Al 

(c) Other wavelength or as te 

a spectral band, the num- for 

Fig. 16.-Spectrum of daylight fluorescent lamp comyared with that oi noon ber of lumens obtained is ha 

wr sunlight (wavelengths in Angstrom units). less than 620, and depends Si 

) Spectrum of daylight fvorescent lamp ee ee 

(e) nee sa of similar lamp without Seorencent coating. light emitted. The ratio it 

of the actual number of « 

The problem of specifying colour and colour lumens obtained to the electrical equivalent of th 

rendering of white fluorescent lamps is one light is the luminosity distribution factor, F;, T 

of considerable difficulty. The visible radiation for the given colour or band of light. Fora - 

from these lamps corresponds only approxi- broad band covering the whole visible spectrum 1 

mately to that of a black body emitter so that and having a colour similar to that of day- r 

it is not possible to specify the colour of the light, about 250 lumens per watt are obtained, 

lamps accurately in terms of colour tempera- giving F; = 0-4 for this type of distribution. . 

ture. ‘This matter is receiving considerable With regard to the factor F2, it is easy to & , 

attention at the present time, and there is show that in transforming ultra-violet energy FF, 

little doubt that a scientifically acceptable of wavelength A; into visible light of wave- 


method, which will be of practical value to 
the lamp maker and to the user, will be evolved. 

In addition to white colours suitable for 
general lighting purposes, a range of more 
saturated colours suitable for decorative 
lighting may be obtained by using single 
fluorescent powders in conjunction with clear 
or coloured tubing. Most of these colours 
are well known in connection with high- 
voltage fluorescent tubes.? 


LUMINOUS EFFICIENCY AND LIFE. 
It is interesting to estimate from theoretical 
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A, is the mercury line at 2537A and i, 
the visible line at 5,550A, which is the wave- 
length to which the eye is most sensitive, the 
transformation efficiency is only about 0-46. 
If the fluorescent radiation is emitted as 4 
broad band of wavelengths, as is generally the 
case, allowance must be made for the fact 
that the transformation efficiency varies 
throughout the band. A value of 0-5 for 2 
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may be assumed for the type of distribution 
we are concerned with here. 

W th regard to the quantum efficiency 
factor, F3, fluorescent powders differ in their 
intri:sic efficiency according to the method of 
prepiration and the precautions taken with 
regard to purity, etc., but even with the very 
best ‘luorescent materials available it is found 
that the number of quanta of visible radiation 
emitied is always less than the number of 
quanta of ultra-violet energy absorbed. The 
ratio of the number of quanta absorbed to that 
emitted is sometimes called the quantum 
efficiency of the fluorescent material and 
values of the order of 0-8 are now quite 
usual 

Substituting these values for F;, F2 and F3 
in the above expression for E,,,, we find that 

Emax = 0-6 xX 620 x 0-4 x 0-5 x 0-8 

= 60 L/W 

Efficiencies as high as 80 per cent of this 
figure are being achieved in lamps giving a 
daylight luminosity distribution, which corres- 
ponds to an emission in the visible, of about 
20 per cent of the total input energy. About 
40 per cent is emitted as infra-red radiation 
and the remainder is dissipated as heat by 
conduction and convection at the tube itself. 
A tungsten lamp radiates about 80 per cent of 
its input energy as infra-red. ‘Thus, watt 
for watt the fluorescent tube emits only about 
half the infra-red given by a tungsten lamp. 
Since the efficiency of the fluorescent tube is 
two to three time that of a tungsten lamp, 
it follows that for equal lumens the infra-red 
energy radiated by fluorescent tubes is less 
than one quarter of that from tungsten lamps. 
This characteristic of the fluorescent tube is 
important when it is desired to obtain high 
illumination with a minimum of heating of 
the object illuminated. 

In general, fluorescent lamps have their 
maximum efficiency at a wall temperature 
between 45°C. and 55°C., which correspond 
to ambient temperatures of about 20°C. and 
30°C. respectively. In practice the objective 
is to ensure that the lamp, when running in an 
average fitting, operates as close to its maxi- 
mum efficiency as possible. 

A number of general factors, such as mercury 
vapour pressure and current density, which 
influence the efficiency of fluorescent tubes, 
have already been mentioned, and the order 
of the maximum efficiency which may be 
expected has been calculated. With a given 
type of tube, 1.e., constant current density, 
pressure and fluorescent coating, the efficiency 
depends also on the tube length or wattage. 
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The reason for this is that the cathode losses 
are independent of the total wattage of the 
tube, and the percentage cathode losses get 
smaller as the tube wattage increases. ‘Thus, 
from both the efficiency and lumen output 
points of view, it is advantageous to have as 
long a tube as will operate satisfactorily on 
the given supply. 

The relationship between luminous efficiency 
and colour is somewhat complicated. The 
two main components of the fluorescent 
coating have approximately the same efficiency 
so that variations in the proportions of these 
give a range of colours from cold white to 
warm white of approximately the same 
efficiency. With any one type of colour, 
daylight for example, the efficiency may be 
varied over an appreciable range according to 
the precise luminosity distribution achieved. 
Allowance has to be made for all these factors 
in comparing the efficiencies of lamps of 
different rating, colour and dimensions. 

The light output of mercury-filled low- 
pressure fluorescent tubes falls off as the tube 
is burnt, owing to the formation of deposits of 
metallic mercury and mercury compounds on 
the coating under the action of the discharge. 
The slow disintegration of the electrodes by 
the discharge during life, part of which deposits 
on the walls, is also a contributory factor. 
The lumen maintenance of these tubes depends 
on a number of factors, such as the nature of 
the coating and the current density. It is also 
influenced by the treatment given to the coating 
during the processing of the tube. 

The rate of fall in light output is most rapid 
during the first hours of life and thereafter 
progressively decreases. During the first 
100 hours the efficiency falls by perhaps 10 
to 15 per cent, depending on the wattage and 
other factors, and it is for this reason that the 
excellent practice of quoting 100 hour effici- 
encies rather than true initial values has 
developed. In assessing the performance of 
fluorescent lamps the important thing is the 
average efficiency throughout life; most 
fluorescent lamps give average efficiencies 
and lives of from 2 to 3 times that of tungsten 
lamps of similar rating. ‘This statement does 
not, of course, take into consideration special 
characteristics of colour and diffusion possessed 
by fluorescent lamps which, although difficult 
to measure, are at least as important as 
luminous efficiency to the illuminating engineer 
and the user. 

‘The normal cause of failure is exhaustion of 
the electron-emissive material on the cathode. 
This is slowly used up during life and a stage 
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is reached when the tube ceases to operate. 
There are generally definite symptoms that a 
failure is imminent; a few hours before the 
tube finally fails a 25-cycle flicker may develop, 
Owing to current rectification, or the discharge 
may flash with a lower and irregular frequency. 
These effects are generally accompanied by 
considerable blackening in the region of the 
cathode, owing to sputtering of the filament 
material. 


BRITISH FLUORESCENT LAMPS. 


In the years before the war a range of 
fluorescent lamps of different sizes and ratings 
was under development in Great Britain, on 
the Continent and in the U.S.A. In this 
country the main programme was, however, 
necessarily interrupted by the war, and work 
was then directed towards the production of a 
particular lamp to meet the special needs of 
war-time industry. 

The British 80W. daylight fluorescent lamp 
is now well established and full accounts of its 
operation and performance have already been 
given.'®.'? Early this year a lamp giving a 
warm white colour was marketed in this 
country to meet the demand for this type of 
light. 

The more important technical data of the 
SOW. daylight and warm white lamps are given 
in Table I. 

As recently announced in the technical press, 
it is intended as soon as possible to market 
a number of additional ratings and sizes in 
this country, starting with a 40W. lamp, 4ft. 
long and l4ins. in diameter. Other sizes will 


‘TABLE I. 





Average Technical Data for 5 ft. 80W. 
Fluorescent Lamps on A.C.* 
Daylight and Warm White Colours. 


Lamp watts .. Ty + ” 80 
Supply voltage + oa oy 200—250 
Lamp current, amps a a 0-85 
Lamp voltage <a oa aa 106 
Efhcirency L/W 

after 100 hours burning ao 35 

after 3000 hours burning ae 22 

average throughout life a 24 
Max. brightness candles/cm? ai 0-5 
Overall length, ins ; 60 + 0-5 


Length of fluorescent coating (light 











source), ins. - Se 57°5 
Diameter of tube, ins. - — 1-5 
Caps .. ail oa - - 2pin B.C. 
Life Hours .. ~P + - 3000 
* The lamp voltage and current on D.C. are approximately 
114V. and 0.7 amp. respectively. Starting on supply voltages of 


220). D.C. and lower may be uncertain. 


follow as soon as manufacturing conditions 
permit. It has been decided to standardise 
as far as possible on the ratings and dimensions 
used in the U.S.A. Thus, the lamps will be 
fitted with 2-pin caps which engage in special 
holders rigidly held in the fitting. The holders 
are slotted to take the projecting pins on the 
caps and the lamp is engaged and electrical 
contact made, simply by rotation through 
90° after insertion in the slots. 

Table II gives the wattages and dimensions 
of the new range of 2-pin fluorescent lamps, 
These will be available in both daylight and 
warm-white colours. 

The 80W. lamp and the 20W. one inch lamp 
have no counterpart in the American range but 
all the other lamps will be mechanically and 
electrically interchangeable with corresponding 
U.S.A. lamps. 

With the exception of the new 80W. lamp, 
which is identical in performance with the 
established 80W. lamp, official photometric 
and life data for the new lamps are not yet 
available. 














TABLE II. 
Dimensions and Wattages of British 2-pin 
Fluorescent Lamps. 
Nominal Lamp Dimensions 
Length Diameter Lamp Wattage 
Feet Inches 
5 _ 14 80 
4 1} 40 
3 ] 30 
2 1} 20 
2 ] 20 
1} I 15 
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Automatic Testing Equipment 


for Aircraft Wiring Systems. 


By A. FORBES and H. WALROND, B.Sc., 
G.E.C. Telephone Works. 


INTRODUCTION. 


ARIOUS types of electrical wiring 
system have been developed during the 
last six years to cater for the increasingly 

elaborate electrical equipment of the modern 
aircraft, and in one such system manufactured 
by the G.E.C., the electrical services are 
distributed throughout the aircraft by means of 
a system of junction boxes with interconnecting 
multi-wire cables. Each cable terminates on a 
multi-contact socket which connects with a 
corresponding plug on the junction box, thus 
making a system which can be manufactured 
in the factory in small units. 

The transport of these units is easy and their 
installation in the aircraft is simple, but it is 
essential for the success of the system that each 
unit should be fully tested for continuity and 
insulation before leaving the factory. 

When the Company first started the manu- 
facture of this system it was immediately 
apparent that manual methods of testing were 
inadequate. Very large numbers of wires 
would have to be tested, and it was clear that 
manual testing would be too slow, that even 
with highly trained testing staff it could not be 
entirely accurate. 

In the search for a better system of testing, 
consideration was given to the possibility of 
automatic testers based on automatic telephone- 
type apparatus. For many years such testers 
had been used during the manufacture and 
installation of automatic telephone exchanges 
for continuity and insulation tests, being 
employed on those parts of the exchange 
where the same test could be applied to wire 
after wire, and where the wiring could con- 
veniently be connected to the tester without 
the need for making each connection individu- 
ally and by hand. They operated with a 
speed and reliability which could not be 
approached by manual testing methods, and 
it was apparent that a similar type of tester 
could be devised for aircraft wiring. The 





connection of the wiring units to the tester 
presented no problem, since the majority of 
connections terminated on a multi-pin plug or 
socket, and the same simple tests were required 
for each connection. 

After a consideration of the various prob- 
lems involved, two types of tester were 
designed. One of these was intended primarily 
for testing aircraft wiring cables, and the other 
for all types of aircraft junction box and 
electrical panel. Both testers, which are 
illustrated in figs. 1 and 2 have now been in 
operation for some time, and have proved so 
successful that it is proposed to give here a 
description of their equipment and operation, 
with some indication of the principles in- 
volved. 


THE CABLE TESTER. 


The smaller of the two testers, the Cable 
Tester, is designed to test a maximum of 
forty-nine wires for continuity and insulation. 
It is intended primarily for testing aircraft 
wiring cables, but is also suitable for the 
simpler types of junction box. 

From fig. 1, it will be seen that the face 
equipment of the tester is divided into two 
panels, a plug panel on the left by means of 
which the cable or junction box to be tested 
can be connected up to the tester, and a control 
panel on the right. The relay and selector 
equipment is mounted below the control 
panel and is normally enclosed by a wooden 
panel. 

The upper part of the plug panel is provided 
with multi-pin plugs to fit each type of socket 
used on the aircraft wiring system. The 
IN plugs are grouped on the left, and for each 
of these there are one or more OUT plugs on 
the right, the need for more than one OUT 
plug arising when differently connected cables 
use the same type of socket. 

Most of the cables to be tested are wired at 
both ends to multi-contact sockets, and are 
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connected to the tester by connecting one 
socket to an IN plug on the plug panel, and 
the other to the corresponding OUT plug. 
This gives the tester access to every wire in 
the cable, and connects the frames of the 
cable sockets to the frame of the tester. 
Two groups of multi-contact jacks 
of the type used on _ automatic 
telephone exchanges are provided 
at the bottom of the plug panel 


and are marked IN and OUT 
respectively. ‘These jacks are used 


in conjunction with test cables for 
connecting up junction boxes for 
test, one end of the test cables 
being wired to telephone-type plugs 
which connect with the jacks on 
the tester, and the other end to 
aircraft-type sockets similar to 
those on the aircraft cables, and 
connecting with the multi-contact 
plugs on the junction box. A 
separate test cable is required for 
each type of junction box, but 
there is no difficulty in making up 
suitable cables as required. 

The four rows of sockets imme- 
diately above the junction box 
jacks allow the tester to be set up to 
suit the unit under test. Each socket 
in the first row can be connected 
electrically to the socket immediately 
below it with a small U-shaped 
plug, and these plugs are inserted to 
provide artificial circuits for the tester in cases 
where the sockets of a cable have spare contacts 
not connected to wires in the cable. A similar 
plug is also inserted between a pair of contacts 
in the third and fourth rows to stop the tester 
when the required number of circuits has been 
tested. 

The control panel of the tester mounts the 
ohmmeter used for manual insulation tests ; 
the power supply switches; a display panel 
which can be illuminated to indicate the 
number of the wire being tested at any instant 
and the nature of any fault found by the 
tester; and the control keys which control 
the operation of the tester. 

A number of test prods are required for 
making manual continuity and _ insulation 
tests, and these when not in use hang on tele- 
phone-type switch hooks on the side of the 
tester. ‘The switch hooks are so arranged 
that when test prods are taken down contact 
units operate to set up the necessary circuit 
conditions, and also disconnect the high 
voltage from the insulation test circuits so 
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as to protect the operator against shock. 

It will be noticed from the foregoing des- 
cription that a considerable proportion of the 
apparatus used has been borrowed from 
telephone practice, the control keys, indicator 
lamps, test prod switch hooks, and junction 
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Fig. 1. 


box jacks, as well as the controlling uniselector 
and relays, all being of the pattern used in 
manual or automatic telephone exchanges. 


THE JUNCTION BOX TESTER. 

The second type of tester, the Junction Box 
Tester, is somewhat larger than the first, and 
is capable of testing junction boxes having as 
many as two hundred and forty circuits, in 
addition to a number of auxiliary or branch 
connections. 

From fig. 2, it will be seen that the control 
panel of this tester is very similar to that of 
the Cable Tester, but that there is a larger 
number of control keys, and the display panel 
caters for auxiliary as well as main con- 
nections. The relays and selectors in this case 
are mounted on each side of the control panel, 
and the protecting wooden doors are normally 
kept closed. 

The test connections are made to the four 
groups of telephone-type jacks on the bottom 
panel of the tester, these jacks being of the 
same type as those used for the junction box 
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connections to the Cable Tester. Each group 
of jacks consists of eight strips of thirty-two 
contacts, and the two groups on the left are 
for the main junction box connections, while 
those on the right are for the auxiliary con- 
nections. 








Fig. 2._-The Junction Box Tester. 


The junction box to be tested is connected 
to the tester by means of a test cable having 
aircraft-type sockets at one end to fit the 
plugs on the junction box, and telephone-type 
plugs at the other to fit the jacks on the tester. 
Considerable care was devoted to the design 
of the connectors to ensure that all contacts on 
the telephone-type plugs would make good 
contact with the jacks, and that the somewhat 
heavy plugs and cables required for the larger 
types of junction box could be handled by the 
operator without the danger of damaging the 
contacts; but the freedom from trouble 
which has resulted in practice has thoroughly 
justified the time spent. A separate test cable 
is required for each type of junction box. 

The test prods required for the manual 
continuity and insulation tests hang on switch 
hooks on the side of the tester, in the same way 
as those described for the Cable Tester. In 
the illustration they are hidden by the open 
door of the cabinet. 


POWER SUPPLIES. 
The power supplies required for the oper- 





ation of the testers are: a 24-volt D.C. supply 
for the relay and selector circuits ; a 500-volt 
D.C. supply for insulation testing ; and H.T. 
and L.T. supplies for the thermionic valve 
used in the automatic insulation test circuit. 
These supplies may be obtained either 
, from storage batteries or from the 
A.C. mains by means of rectifier 
equipment. 


TEST CHARTS. 


In order to assist the operator 
in testing junction boxes on either 
type of tester, a test chart is 
prepared for each type of box, and 
a similar chart can be prepared for 
any type of cable where the testing 
is not quite straightforward. ‘These 
charts show the terminal-to-terminal 
wiring of each connection, with the 
corresponding numbers _ displayed 
on the lamp panel of the tester, 
and include notes on the setting 
up of the tester and on any special 
points, such as the use of the test 
prods for manual tests on particular 
connections. 

A typical junction box is shown 
in fig. 3, with the wiring of the test 
cables which connect it to the 
Junction Box Tester, while on page 
203 is shown the test chart that 
would be used with this junction 
box. Various typical connections are shown, 
including a straight-through connection, a 
main connection with a number of auxiliary 
branches, and connections which either 
terminate in the junction box or are 
extended as loose wires and so cannot con- 
veniently be connected to the tester at both 
ends. 


FULLY AUTOMATIC TESTING. 


When a cable or junction box ts to be tested 
on the Cable Tester, it is connected up and 
the necessary adjustments to the tester are 
made as already described. Then a START 
key is operated on the tester, which proceeds 
to select each connection in turn and test 
it for continuity. At the end of the con- 
tinuity tests the tester then re-selects each 
connection in turn and tests its insulation 
resistance, and finally, when all tests have been 
completed, a TEST FINISHED lamp lights 
and a buzzer sounds to draw the attention of 
the operator. 

For the Cable Tester each connection to be 
tested is normally a single wire with each end 
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connected to the tester. The selection is 
controlled by a telephone-type uniselector, 
and for the continuity test one end of the 
wire is selected via the OUT plug or jack of 
the tester and the uniselector wipers, while 
the other end of the same wire is selected via 
the IN plug or jack and the contacts of 
telephone-type relays which themselves are 
controlled by the uniselector. The selected 
wire is made to complete the circuit of a 
telephone-type relay, and if the connection is 
continuous, this test relay operates and the 
tester steps on to select the next connection. 

If the test relay fails to operate, the tester 
stops and the buzzer sounds. At the same time 
the lamp panel is illuminated to show the 
number of the selected connection and the 
type of fault found. When the operator has 
noted the fault he operates a STEP ON key 
which causes the tester to resume its test 
cycle. 

When the last connection has been tested for 
continuity the uniselector takes one more 
step and then a “test changeover” relay 
operates via the plug inserted between the 
third and fourth rows of sockets on the plug 
panel. This disconnects the continuity test 
circuit and prepares the insulation test circuits. 
All insulation tests are made at 500 volts D.C., 
and the minimum insulation resistance allowed 
is 50 megohms. 

PLUG POINTS 
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For the automatic insulation tests a bridge 
circuit is arranged to control the grid circuit 
of a thermionic valve in such a manner that a 
telephone-type relay in the anode circuit 
operates if the resistance of the insulation under 
test is below the specified value. 

The first insulation test is between the 
frames of the cable sockets or junction box 
and all wires commoned together, and if this 
shows low insulation the tester proceeds to 
select each connection in turn and test its 
insulation to frame. One end only is selected 
for these tests, via the selector relay contacts 
and the IN plug or jack. The tester steps on 
from connection to connection until low 
insulation is detected, when the test relay 
in the valve anode circuit operates and stops 
the tester. The buzzer sounds and the indi- 
cator lamps light, and the operator then 
operates a MANUAL INSULATION key 
to substitute the ohmmeter for the bridge 
circuit, allowing him to read the actual value 
of the insulation resistance. Having noted the 
fault he can then restore the MANUAL 
INSULATION key and operate the STEP 
ON key to allow the tester to continue testing. 

Although the ohmmeter cannot be used 
for accurate measurements during the auto- 
matic tests, it is Connected in circuit so that 
a slight movement of the pointer as each 
insulation test is applied, gives the operator 
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Fig. 3.—Connections from Junction Box to Tester. 
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AUTOMATIC TESTING EQUIPMENT 


a visual indication of the correct working of 
the tester. 

If the common wire-to-frame insulation test 
is satisfactory, the tester omits the individual 
wire-to-frame tests, and proceeds immedi- 
ately with the wire-to-wire insulation tests. 
For these tests, all wires of the unit under 
test are connected together in a group. ‘The 
tester disconnects each wire in turn from the 
group and tests the insulation between it and 
the group, then returns it to the group before 
the next wire 1s tested. 

When the last insulation test has been com- 
pleted, a “‘test finished” relay operates. ‘The 
tester stops, the buzzer sounds, and the 
TEST FINISHED lamp lights. The oper- 
ator then restores the START key. 

The Junction Box Tester employs simular 
continuity and insulation test circuits to those 
described for the Cable Tester. Its selector 


203 
complex, in the first place because of the 
larger number of circuits involved, and 
secondly because in some of the larger and 


more complicated junction boxes individual 
circuits may have two or more branches, 
necessitating a continuity test between each 
part of the circuit. 

Whereas on the Cable Tester a single uni- 
selector can in one revolution select in turn 
each of the forty-nine possible connections, 
the Junction Box Tester must employ primary 
and secondary selection to cater for the two 
hundred and forty connections. In addition, 
separate selector circuits are required for the 
branch or auxiliary circuits, and here again 
primary and secondary selection are required, 
so that the Junction Box Tester employs a 
total of eight uniselectors. 

In operation the tester selects each connec- 
tion in turn and tests it for continuity as 














circuits, however, are considerably more described for the Cable Tester, until a multi- 
Test Chart for Junction Box shown in Fig. 3. 
Main MI JB MO Auxiliary AO Al 
Display Tag Terminal Tag Display Tag Tag 
l F17—8 Al F20—1 1 ) 
2 F17—X \2 (Prod.) (1) 
3 le 17—7 M3 KF} 22—3< l —}22—3 21—2 
2 + F22—3 r20—X 
3 +F22—3 F21—3 
4 »>F22—3 Starboard 
Outer 1 (Prod.) 
t F23—1 P2 F23—1- 5 —+F23—1 S15 Blue 
] (Prod.) 
6 +F23—1 S16 Blue 
(Prod.) 
5 F24—1 RI 25 (7) 
6 U15—Blue W4 (7) 
Prod.) 
see Note) 
7 K24—2 Batt. Feed (7) 
Ins., Test only) 
‘ 26 l l'use b24—2 (7) 
9 F26—2 Fuse F24—2 (7) 
Note :—Connect to M.I. terminal by means of test clip. 
Miscellaneous connections on tester plugs :— 
Connect terminal ZA to terminal AlI7. 
Connect terminal ZM to terminal MO10. 
Connect terminal TF to terminal T2. 
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wire circuit is reached. Here the first or 
main part of the circuit is tested for continuity 
and then the main selectors wait while the 
auxiliary selectors select each branch or 
auxiliary connection in turn and test it for 
continuity with the main circuit. When the 
last auxiliary has been proved, the main 
selectors resume their stepping, while the 
auxiliary selectors wait until another multi- 
wire circuit has to be tested. 

These auxiliary selectors are not used 
during the insulation tests, since the insulation 
of all branch or auxiliary connections is tested 
when the insulation of the main circuit is 
tested. 


SEMI-AUTOMATIC TESTING. 

When a junction box is being tested there 
may be circuits where only one end can be 
connected to the tester, either because the 
circuit terminates on a terminal in the junction 
box, or because it leaves the junction box as a 
loose wire not connected to a plug pin. On 
such circuits the tester will stop and give a 
“disconnected” indication. The operator 
then refers to his test chart, takes down the 
test prod used for these tests, and with it 
proves the continuity of the circuit. If the 
circuit is continuous the buzzer gives a short 
buzz and the tester steps on for the next test. 

This method is also used in the case of 
cables which are wired to a multi-contact 
socket at one end only, the wires at the other 
end being left loose for direct connection to 
electrical equipment inthe aircraft. The socket 
is connected to an IN plug on the Cable 
Tester, and each wire in turn is proved with 
the test prod. Since the test prod is not 
hung up between tests the buzzer remains 
silent as each wire is selected and gives a 
short buzz when its continuity is proved. 

For the insulation tests, fully automatic 
testing applies. 


PARTIAL AUTOMATIC TESTS AND MANUAL 

TESTS. 

Keys on the control panel of each tester 
make it possible to make a complete auto- 
matic continuity test, omitting the insulation 
test, or vice versa; and it is also possible to 
select any one circuit without first testing 
the preceding circuits, and then to stop the 
tester on this circuit for continuity and insu- 
lation tests. 
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The test prods on the side of each tester 
enable the operator to make a manual con- 
tinuity or insulation test between any two 
points, facilities which are of considerable 
assistance in tracing the exact location of a 
fault in the unit under test. 


PROVING THE 
TESTERS. 


OPERATION OF THE 


If automatic testing is to be reliable it is of 


prime importance that the tester itself should 
be above suspicion, and for this reason both 
the testers described are arranged to give an 
immediate indication of the failure of a test 
circuit. 

This is not difficult in the case of the con- 
tinuity test circuits, where a discontinuity will 
immediately be apparent. In the case of the 
insulation tests, the complete circuit used at 
each test point receives a continuity test 
before the insulation test is applied, to ensure 
that the test is properly applied, and the 
operation of the thermionic valve circuit 
itself is automatically proved between the last 
of the continuity tests and the first of the 
insulation tests. If any of these self-routining 
tests fails, the tester stops and the alarm 
buzzer sounds. 

In addition to this automatic check on the 
operation of the tester, the control keys allow 
various types of fault condition to be imitated 
during the course of a test, causing the tester 
to stop and give the appropriate alarm 
indication. 


CONCLUSION. 


These two testers are an excellent example 
of the possibilities of automatic testing, but 
they by no means exhaust its possibilities. So 
long as a ready means can be found of con- 
necting up to the tester, and provided each 
type of test can be applied with sufficient 
frequency to justify it economically, such 
testers can be designed for an almost endless 
variety of purposes, and may range from small 
and inexpensive portable units to large and 
elaborate fixed installations. 

Finally, automatic testing is yet another 
instance of the way in which telephone-type 
apparatus is providing the solution to prob- 
lems arising in fields not even remotely 
connected with the purpose for which it was 
designed. 
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Physical Conception and Calculation 
of Differential Leakage 


WITH SPECIAL REFERENCE TO DOUBLE SQUIRREL CAGE MOTORS. 


By E. FRIEDLANDER, D.Eng., 
Engineering Works, Witton. 


1. INTRODUCTION. 

IFFERENTIAL leakage due to the 
1) slot distribution plays a very important 

part in the behaviour of all machines 
built with a small air gap. In addition, the 
salient pole construction may also cause a 
large differential leakage in the field reactance 
of self-starting synchronous motors. ‘The 
physical nature of differential leakage is not 
always easy to understand from the published 
information on this subject, and the co- 
efficients to be used are in some cases not 
derived, or are given as results from formulae 
the meaning of which is no more than out- 
lined. It seems that the derivation based on 
the direct comparison between a sinusoidal 
magnetomotive force distribution and the 
fundamental component in the stepped dis- 
tribution caused by the former, is most suitable 
to convey a physical picture, and at the same 
time covers arbitrarily complex cases for 
which no constants are to be found in the 
literature. The results obtained by this 
method for symmetrical windings are identical 
with those derived in the literature mostly by 
means of infinite series of space harmonics. 
As the differential leakage varies with approxi- 
mately the square of the ratio of slot pitch to 
pole pitch, it can have a great influence on the 
proper choice of the slot numbers, especially 
in double squirrel cage motors for which the 
data to be derived from hitherto published 
information appear to yield only very rough 
approximations. 


2. PHYSICAL CONCEPTION OF DIFFER- 
ENTIAL LEAKAGE. 

(a) Space harmonics and zig-zag leakage con- 
ception. 


The theoretical treatment of electrical 


machines must in all practical cases be con- 
fined, in the first place, to the consideration 
of the fundamentals of current, flux and 
voltage distributions on which the main 
features of the machine depend. Harmonics 
are usually considered: as secondary effects 
which do not influence the torque directly 
if certain troublesome relations between stator 
and rotor slot harmonics are avoided. How- 
ever, the unbalance of the ampere turn dis- 
tributions in stator and rotor due to the 
impossibility of having sinusoidal winding 
distributions in space produces space harmonics 
which make the resultant flux different for the 
various windings concerned. In other words, 
the space harmonics produce flux components 
of the network frequency (1.e., not only time 
harmonics) and the corresponding voltages, 
which are proportional to the currents lacking 
local balance in stator and rotor, are funda- 
mental components and cannot be neglected 
in the vector diagram of the machine without 
serious error. Differential leakage is frequently 
called zig-zag leakage. ‘This expression is 
somewhat misleading as it conveys the picture 
of a flux actually passing in a zig-zag line across 
the air-gap of the machine from slot to slot. 
This picture cannot, however, be used 
quantitatively with sufficient accuracy. Earlier 
methods of calculating zig-zag leakages directly 
from it are not up to date. 

The physical picture and the calculation 
of the differential leakage are somewhat 
different for the squirrel cage windings in the 
rotor and for the coil windings in the stator 
of normal machines. ‘These cases will there- 
fore be dealt with separately. The picture is 
simpler for squirrel cage windings and these 
will consequently be treated first. 
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(b) Relation between the differential leakage of 
the rotor winding and the magnetising 
reactance of the motor. 

Let us consider the very simple case of a 
motor in which it is assumed that the stator 
winding produces a truly sinusoidal distri- 
bution of current as well as magnetomotive 
force in space and time along the air gap. 
Such a winding produces a true rotating 
field of constant amplitude which travels 
with synchronous speed along the air gap. 
‘The rotor may be supposed to have a squirrel 
cage with 3 bars per pole pitch. The currents 
in the rotor bars must vary sinusoidally 
with time, but the spatial distribution of 
the magnetomotive force they produce will 
not be sinusoidal. Fig. 1 shows the magneto- 
motive force produced by the rotor currents 
along the air gap at 5 successive moments 
chosen at intervals of 15° relative movement 
between the synchronously rotating field and 
the rotating winding. ‘The amplitude of these 
currents may be considered in the special 

v= 


9 
2 

i 

| 








0 3 ie 
@ e® °® 
| | | 
| ' | 
| | | 
| ; | 
| 










































August, 1945 


limiting case of an ideal machine having no 
other rotor leakage reactance than the one 
to be studied here and under complete short 
circuit, 7.e., with the rotor revolving at infinite 
speed against the direction of the rotatirg 
field (slip, S = x). Obviously, in this case, we 
must expect a complete balance of fluxes 
interlinked with the rotor. winding under 
short circuit, as no rotor voltage can be 
produced under the conditions assumed. 
If the total flux which is produced by the 
stator winding alone and which passes between 
a pair of rotor bars one pole pitch apart is to 
be balanced by an equal and opposite flux 
produced by the currents of the short circuited 
rotor, the magnitude of the rotor currents will 
be dictated by the condition that the integral 
of the magnetomotive force over one pole 
pitch, z.e., the area shown shaded in the 
diagrams of fig. 1 must be equal and opposite 
to the corresponding area under the sinusoidal 
distribution of magnetomotive forces pro- 
duced by the currents in the primary winding. 
Whereas, however, the primary current 
is proportional to the area under the 
magnetomotive flux wave, the com- 
ponent in this wave contributing to 
the mechanical power delivery of the 
machine is only proportional to the 
fundamental amplitude contained in 
it. 

This tundamental component in 
the magnetomotive force of the rotor 
currents is always less than the 
corresponding primary wave from 

1 which it originates. In a diagram 
dealing with the fundamental volt- 
ages and currents of the machine 
in the usual manner, there must 
consequently appear a_ difference 
between primary and secondary curr- 
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Fig. 1.—Magnetomotive forces with current vector diagrams for 
a cage having 3 bars per pole (shown at different moments within 1/6 


of the period). 





' ent due to this loss of sinusoidal 
current component. In the _ usual 
form of the general transformer 
diagram describing the behaviour of 
electrical machines, any difference 
between primary and _ secondary 

' currents can only be of the nature 
of magnetising currents. ‘This must 
apply equally to the loss of funda- 
mental current component due to 
the space harmonics of the _ rotor 
winding if such a diagram is to repre- 
sent the effect under consideration 
correctly. Let the secondary current 
of the ideal machine be J,; the 
component lost between the primary 
current J{, and the secondary current 
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I; may be yJ;, where y will be found to be a con- 
stant for a given type of winding. Iftheinfluence 
of the non-sinusoidal character of the rotor 
winding in these circumstances were negligible, 
the equivalent scheme of this machine would 
not contain anything but the magnetising 
reactance x, and the rotor resistance r./S, 
and with S * there would be a complete 
short circuit with no magnetising current 
introducing a difference between primary 
and secondary current at all. The difference 
yl; resulting trom the inequality of the 
primary and secondary fundamental magneto- 
motive forces, however, immediately appears 
correctly in this scheme if we introduce a 
secondary stray reactance yx,, into the rotor 
circuit as shown in fig. 2. In the limiting 
case S = om the total magnetising current now 
correctly introduces the difference y/J, between 
primary and secondary current, so _ that 
I} =(1 + vy) J. Consideration of this limiting 
case therefore provides directly a method by 
which the differential leakage x.. can be found. 


X60 Yu ; (1) 
where 
| 
\) ~~ a ; 2 
y=) (2) 


It will be seen that the general case in 
which the assumption that other reactances 
and resistances are negligible does not hold, 
is satisfied by the principle of superposition 
with the same value for x». This means 
that the additional voltage drop x.J/. intro- 
duced into the fundamental circuit diagram 
always increases the total apparent magnetising 
current of the machine by the amount yl, 
needed to cover equivalently the difference 
between the primary and secondary rotating 
field current components which is actually 


due to the effect of the space harmonics of 


the winding under consideration. 

x, in equation (1) is the normal magnetising 
reactance of the machine which does not 
need to be derived here. It may be sufficient 
merely to rewrite x, in a more explanatory 
form : 
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In this 
f frequency in cycles/sec. 
p number of pairs of poles. 
T pole pitch in cms. 
l, effective axial length of the stator 
in cms. 
R, combined Carter factors for stator 
and rotor. 
R, tooth saturation coefficient. 
5 air gap in cms. 
W primary number of turns per phase. 
# total differential factor of stator 
winding (7.e., product of belt— 
and phase differential factors). 
m number of phases. 
With m= 3 and f = 50 for three-phase 
30 cycles machines 
tn = 2X10 toh EP 
RRO 


‘The main problem to be solved here is the 
derivation of the factor y. 


3. NUMERICAL CALCULATION OF THE 
LEAKAGE COEFFICIENT y OF A SQUIR- 
REL CAGE ROTOR IN A SIMPLE CASE. 
The distribution of magnetomotive forces 

(M) produced by rotor currents varying 

sinusoidally with time, which is shown in 

fig. 1, may be used to find the discrepancy 
between primary and secondary rotating fields 
numerically. It was shown that, for the ideal 
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Fig. 2.—Equivalent scheme for a squirrel cage motor in 
which all stray reactances except the differential leakage 
are neglected. 


short circuit, the given sinusoidally distributed 
current loading of the stator winding will be 
proportional to the integral of the magneto- 
motive force of the rotor currents over the 
pole pitch. The area under the magneto- 
motive flux waves shown shaded in fig. 1 
may represent this integral which the rotor 
winding produces. The area will be found to 
vary correctly with the cosine of the displace- 
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ment angle. The maximum value for a loop 
between bars 1 and 4 has been drawn for the 
angle y = 0. Referring the diagram to an 
arbitrary pole pitch t, = 1 the area will be 
found from fig. 1 relative to a bar current 
amplitude of 1 to be Ay = 0-607 withy = 0, 
A\s = 0-644 with y = 15°, A39 = 0-577 with 
r= 30°, and Ags = 0- 471 with y = 45°. 
The primary current J; will be proportional 
to these A values. From an examination of 
the same four diagrams the corresponding 
components of useful secondary current may 
be found from the area included under the 
fundamental wave constituted by the stepped 
distribution over the same set of conductors. 
It will be found that these fundamental com- 
ponents also vary with the cosine of the dis- 
placement angle shown. For the numerical 
calculation it may be remembered that the 
fundamental amplitude in a square wave of 
breadth x X Tyz and amplitude Mis 

M sin - and that the area under this wave is 


‘ _— 


:, 8 {_ i 
correspondingly _, M sin , if the wave 
is placed symmetrically with the _ loop 


under consideration. If it is displaced by an 
angle 8 its component contributing to the 
resulting wave compared with the areas under 


the magnetomotive force distribution is then 
e 
Cc 


, os 
, Mx cos$%x sin , Thus, for instance, 


the fundamental in the 0° wave of fig. 1 
may be calculated by superimposing two 
symmetrical waves both distributed sym- 
metrically to the axis of symmetry (shown 
dashed in fig. 1) relative to the conductor 
loop under consideration. One wave of 
-5 units amplitude extends over an angle 


«x = mandthe other also of -5 units extends 


over ; 8 = 0 for both 


The result for the fundamental area in this 


case is 
Sj} -. = = : 
Fo = -) sin + +) sin | = ()-608 
2 2 6 
UV A~ SY 


1 “5 
The same result could be obtained by consider- 


these waves. 


= 
‘© 


3 
and 6 = 0 together with two blocks of the same 


breadth « = ; 


which is displaced by an angle $8 = 


ing the central block of 1-0 amplitude, « = 


but of -5 amplitude, each of 
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with respect to the axis of the coil. This 
would yield 


8 719 ™ ™ 
F = J x sin +2x +5 xXsin_ cos 2 


mised 6 6 


which is the same as before. 

The latter method will be found more con- 
venient in complicated asymmetrical cases. 
The equivalent fundamental flux area for the 
other cases can be found in the same way. 
For instance the 30° displacement obviously 
yields 


8 = m 
F 30 ~——— -SO6 sin , ~ COS Q-527 
apa 3 ‘. 


The secondary current /,’ will be proportional 
to these F-values. It will now be found that 
A : 
F I; 

of this numerical example. The primary 
current 1s larger than the useful component 
in the corresponding rotor current in the 

A 0-667 O-517 


constant ratio = 2 nists 1-097. 
F 0-608 QO-527 


Therefore, from equation (2), the coefficient 


the ratio is the same in all cases 


y is in this case -097. 


Quite generally, it can be seen that the 
following method will give the correct value 
of y: An arbitrary magnetomotive force 
distribution curve is drawn starting with any 
current (preferably the maximum) in any 
conductor on the assumption that the currents 
in all the other conductors are distributed 
according to the projections of the vector star 
applying for the respective polyphase rotor 
windings. It is not necessary to know any 
absolute values. ‘The maximum value may 
therefore be chosen J) = 1, so that the steps 
follow for instance for a simple symmetrical 
winding directly as 

: 7 


{VT 
\ —_ S ‘ — 
ly = co ( I x 2p) [v= 01,2... 
N I 


for one pole pitch. The sum of these , 


“‘steps’? must lead to a value which is equal 
and opposite to the amplitude with which 
the magnetomotive flux wave must be started. 
In other words the zero-line of the resulting 
curve, is found from 


Iw =-4 > |, . « « ie 


and therefore the first amplitude between 
= 0 and v=1 is Mp = Ib + 1a, the 
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next between v = 1 and v = 2, namely M; 
Mo t I,,the tollowing M)> M, T I, and soon. 
The area under the curve between vy = 0 


and y » 1 is then, if referred to the 
pole pitch tT, l. 
y ~2 ] 
2} 
A=? 2M ———e 


y () 


) 


7 , , 
and ., times the fundamental amplitude 


contained in the same curve will yield the 
corresponding value of F. 

It will not be necessary to repeat this 
calculation in practice for any simple sym- 
metrical windings for which y, depending on 
the number of bars per pole, can be given as a 
general function y (>=) (N> being the total 
number of rotor bars) as shown in fig. 3. The 
advantage of the method used here is that it 
can easily be expanded into arbitrarily com- 
plicated rotor windings embodying different 
cages, some of which may or may not be 
interlinked with one another. As this is 
the only condition under which a derivation 
of vy may become necessary in practice it will 
be illustrated by a numerical example. 


4. CALCULATION OF THE LEAKAGE CO- 
EFFICIENT y FOR A DOUBLE SQUIRREL 
CAGE MOTOR HAVING DIFFERING 
CURRENTS IN ALTERNATE SLOTS. 
Generally for double squirrel cage motors 

of any type in which the running and starting 

cages do not occupy the same slots the currents 
in these slots will differ in amplitude as well 
as in phase. All that must be known for the 
calculation of y is the ratio between these 
amplitudes and the angle between them. 
These magnitudes can be derived from the 
design data without knowledge of the resulting 
differential leakage. For instance, referring to 
the equivalent scheme of a double squirrel 
cage motor as shown in fig. 4, the ratio of the 
current amplitudes and their relative phase 
displacement are found directly from a com- 
parison between the inverse impedances of 
both branches connected to AB directly and 
to the right of it. In this scheme the indices 
y refer to the running and s to the starting 
winding. It follows that the differential 
leakage x:2 of a double squirrel cage motor 
of this type is actually no longer a constant 
but must vary with the slip. The accurate 
calculation of the complete characteristic, 


though not difficult, will therefore be cumber- 
some. Single values, especially the starting 
conditions, may, however, have to be studied 
carefully in particular cases. 
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depending on the number 


As a numerical example the calculation of 
the differential leakage reactance of a 6 pole, 
3 kV motor designed with staggered cages in 
2 x 48 slots will be calculated for the starting 
conditions S = 1. The impedances of the 
machine and both cages are shown in fig. 4 


and x.2 may have to be found. x, = 110 
ohm. 
The impedance of the running cage is 
0-4 . , 
Zz 57 6-Oj, that of the starting cage 
3-7 = 
Zz 5 t 2-7}. With S = 1 the current 


in the “starting” slots is therefore higher 
than the current in the “running” slots in 


‘ 0.42 + 6.02 
the ratio v0 2 1.31 





and the 


—> 
+ 2-/¢ 


current in the “‘starting”’ slot will be leading 

relative to that in the. “running” slot 

6-0 ; 2-7 es 

by an angle tan”! -ta” — =. 
: " 0-4 3-7 

arbitrarily the 


Assuming current in the 
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“running” slots to be unity and starting 
the magnetomotive force diagram with v - 
QO and J = 1 tora “running” slot, we find 
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Fig. 4.—-Equivalent scheme for a double squirrel cage motor. 


the distribution shown in fig. 5 together 
with the vector star pertaining to both 
cages. The complete calculation to be 
carried out in this case is shown in ‘Table 
I. No figure need. actually be drawn 
for the practical work. This leads to y = 
5 x 10° and consequently x.2 = 0-55 
ohm. It would obviously have been 
inaccurate to insert simply the y value for 
16 slots per pole which is found from fig. 3 
to be 3-2 x 10°. On the other hand it may 
not be feasible to carry out this accurate 
calculation in every case. In the case of the 
staggered winding arrangement the more 
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accurate, and therefore preferable approxima- 
tion, is to treat both windings as if they were 
independent of each other, so that each has 
its own differential leakage to be added directly 


to its slot and overhang leakage, the value of 


y being, for either cage with 8 slots per pole, 
y = 13 x 10° It may at first sight appear 
that this would yield much too low a torque. 
However, the different position in the scheme 
at which the differential leakage appears in 
this case accounts for the fact that the results 
obtained with both assumptions do not differ 
very seriously from each other. Fig. 6 shows 
the simplified scheme to be compared with 


fig. 4. If the results of both schemes of 


calculation are compared with the exact cal- 
culation it is seen that the 3 kV motor will 
develop a starting torque of 3,300 Ibs. ft. 
according to fig. 3, and 3110 lbs. ft. according 
to fig. 5, which is not more than 6 per cent 
loss and the calculation will be on the safe side 
with the independent treatment of both cages. 

On the other hand, it is not possible to use 
the same approximation if part of the starting 
cage lies on top of the running cage. From 
numerical check calculations so far carried out, 
it seems that it is safe to assume that with a 
current ratio such as is likely to occur in 
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Fig. 5.—Magnetomotive force with current vector diagrams 
of a double squirrel cage with 4 bars per pole and cage 
(staggered cages) shown at an arbitrary moment within 


the period. 
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practice, the differential leakage will be about 
1-5 to 2 times the value calculated for the 
symmetrical starting cage. ‘The calculation 
by means of fig. 3 is therefore slightly in- 
accurate for any asymmetrical arrangement 
of the rotor cages. 


5. DIFFERENTIAL LEAKAGE OF STANDARD 

STATOR WINDINGS. 

It will not generally be necessary to repeat 
the derivation of the _ y-coefficients for 
standard stator windings which have been 
derived by several authors and will be quoted 
tor convenience. However, in view of the 
differences existing for coil windings and 
squirrel cages the calculation by the same 
method as applied before will be shown for 
one numerical example. 

The physical picture on which the calcu- 
lation of the primary zig-zag leakage may be 
based is in some ways the reverse of the one 
used before: One assumes an ideal rotor 
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winding permitting a sinusoidal ampere-tuin 
distribution (say a squirrel cage with an 
infinite number of bars per pole) and calcu- 
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Fig. 6..-Simplified scheme of a double squirrel cage motor 
(differential leakage distributed to both cages). 








lates the voltage or flux in the stator winding 
which is left by the space harmonics when the 
fundamental component in it vanishes under 
the assumption of an ideal secondary short 
circuit (S = ©) of the machine, assumed as 
before, to have no other reactances. This 
will be clear from the numerical example 
shown by fig. 7 which refers to a stator winding 


TABLE lI. 


Calculation of differential leakage coefficient y for double squirrel cage, staggered 





arrangement. Current ratio 1.31, phase displacement 50 
N, ~2x8 
2p 
Bar 
ae I M cos % M cos % 
2.0740 
0) l- cos 0 1.0000 3.0740 OOS 1 .3015 
l 1.3] cos (11.25 + 50) 0.630 3.7040 .2905 1.0765 
2 l cos 22.5 0.9239 4.6279 .4715 2.182 
3 1.31 x cos (33.75 + 50) 0.1416 4.7695 6340 3.025 
} l «x cos 45 0.7071 5.4766 4425 4.230 
5 1.31 x cos (56.25 + 50) —(), 3665 5.1101 S820 4.510 
2 l cos 67.5 —). 3827 5.4928 95608 5.255 
7 1.31 cos (78.75 + 50) —~. S200 4.6728 .9950 4.650 
s ] cos 90 0.0000 4.6728 .9950 4.650 
Y 1.31 cos (101.25 + 50) —~1 .1480 3.5248 .9568 3.373 
10 l «x cos 112.5 ~0.3827 3.1421 8820 2.770 
1] 1.31 x cos (123.75 + 50) —1 . 3060 1.8361 4425 1.417 
12 l x cos 135 —~().7071 1.1290 .6340 0.715 
13 1.31 x cos (146.25 + 50) —1 .2580 ~0.1290 4715 —) .0607 
14 l cos 157.5 —(). 9239 —~1 .0529 2905 —0. 3105 
15 1.31 x cos (168.75 + 50) —~1.0210 —2.0739 0981 —Q . 2037 
a: 8 4.1479 = = 37.58 
= M => 47.9737 
t= J => 2.07395 
A= =M = 2.999 
16 
. S = 22 _ -& > ac 
F = x 37.58 x sin ~ = 2.984 
Tt? 32 
? 999 —2.98 7 
aie a 3 2.984 —- 5x 10-3 
. 2? O84 
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having g; = 3 slots per pole and a short 
chording ratio A = 89 = 0-89. In view 
of the series connection of all conductors 
belonging to the same phase there are merely 
three different currents to be introduced for 
any arbitrary phase position of the three phase 


system. In fig. 7 the distribution cos 0 = 1, 
27 4% ' 
cos 3 =~ } and cos “Tere - #4 is chosen 


and the magnetomotive force diagram is drawn 
in the usual manner. In contrast to the case 
of the squirrel cage winding, it is now, how- 
ever, necessary to evaluate each section of 
the total area under the curve yielding the 
A-value with the proper turn ratio with which 
the corresponding flux is interlinked. Number- 
ing the slots by u = 1 to 9 over the pole pitch, 
in the present case it will be seen that the flux 
between slots 2 and 8 is interlinked with all 
turns, whereas the sections between 1 and 2 
and 8 and 9 are merely interlinked with 2 
out of the 3 conductors on either side of the 
axis of symmetry for the individual groups of 
conductors of one phase. Therefore we have 
in this case, referring to tT, = 1 as before, 
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ae 3-5 +4-5+45-5 : i -2mhe 
A=z=2xI{- Y, 
Q 3 {) 


3-296 
Similarly we must no longer introduce the 
total area under the sinusoidal component 
contained in the stepped diagram of magneto- 
motive forces, but the component corres- 
ponding to the partial interlinkage which is 
actually the known winding factor of the 
primary winding which, in the present case, 
is f; = 0-96 x 0-985 


—— Neary gemen 0.945 
(4. =3) (A=0-89) 
This yields 
F : he x Cae + 1S dee 
‘a x 0-945 X (2 sin 9 + l:3sn> 
1 sin q + SING 
f= 3.258 
d eee ee OE 
and consequently y = — == -Qll; 
q eles 3-258 


The method demonstrated here is not 
always very suitable for practical calculations 
unless a calculating machine is available 
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Fig. 7.—Magnetomotive forces produced by a stator winding having 3 slots rer pole and phase, 


and a short chording ratio \ = 9 


(Maximum current in one phase winding). 
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DIFFERENTIAL 


because slide rule accuracy will be found to 
be insufficient once y becomes much smaller 
than 107. It is possible to calculate y by 
expressing the area A by an infinite series of 
harmonics including the fundamental F. 


The area contributed by any harmonics of 


; l 
order n is tound to be 
di 


%n) times F, %,, 
being the winding tactor for the n'” harmonic 
and therefore since the triple harmonics cancel 
one another in symmetrical three-phase wind- 


ings G,°y = ( ) E | 


The disadvantage of the calculation by 
harmonics is that the convergence of the 
infinite series to be used must be watched 
to avoid inaccuracies. 

The most important values of y for three- 
phase windings to be derived from the liter- 
ature are plotted in fig. 8 for practical use in 
connection with equations (1) and (3). 

It will be seen that by a combination of the 
methods used for the treatment of squirrel 
cages and coil windings it will also be 
possible to derive the differential leakage 
of more complicated squirrel cage 
windings in which pairs of conductors 2 
are arranged with a pitch different from 
the pole pitch and connected in series. 
It is merely necessary to derive the 
respective rotor currents with due regard 
to the enforced equality of momentary 
values in the connected bars and to 
introduce properly the winding factors 
resulting from short cording. 

The influence of the slot opening 
is also easily introduced into the same 
scheme. This yields trapezoidal, rather 
than rectangular, waves for the magneto- 
motive forces produced by the currents 
in individual slots. 


= 


5 €y Bay Bes 


Hl 


x10 ° 


. ADDITION OF DIFFERENTIAL LEAK- 
AGE REACTANCES OF STATOR AND 
ROTOR WINDINGS. 


In the foregoing sections the differen- 
tial leakage of the rotor windings has 
been dealt with on the assumption that 
the stator winding produces an ideal 
sinusoidal distribution of magnetomotive 
forces while the differential leakage of 
the stator windings was treated with 
the opposite assumption of sinusoidal 
distribution of the rotor ampere-turns. 
There may be a question whether it is 
correct simply to use the reactances thus 
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obtained in the complete equivalent circuit of 
the induction motor. The justification for this 
super-position can be derived directly from the 
physical picture on which the calculation was 
based. Obviously, if the effective ampere 
turns of the primary winding are assumed to 
consist only of the fundamental component 
of the field rotating with synchronous speed, 
it is immaterial, as seen from the rotor, whether 
this sinusoidal system of ampere-turns is 
one left over from a more complicated dis- 
tribution containing, in addition, components 
rotating with various other speeds, or whether 
it is produced by an ideal winding which does 
not produce any other ampere turns of non- 
synchronous speed. Thus the calculation of 
the rotor leakage is correct with respect to the 
currents of the fundamental frequency. Cor- 
respondingly, the assumption that the rotor 
is unable to balance any other than the funda- 
mental component in the primary ampere 
turn distribution makes it immaterial whether 
this rotating fundamental distribution is one 
produced by an ideal rotor or the real winding. 
If the fundamental frequency system alone is 
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stator windings depending on the short chording ratio \ 


for various numbers of slots per pole and phase. 
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assumed to transmit power between the 
network and the shaft of the motor the super- 
position is valid. Generally, the harmonics of 
one winding cannot produce torque com- 
ponents with the other unless such harmonics 
coincide in space with harmonics produced 
by the other winding. Harmonic torques 
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of this nature are known to be avoided as 
far as possible by appropriate choice of 
slot numbers and winding factors. They are, 
however, negligible in most of the practical 
cases to which the present treatment of the 
subject refers. 





Measurement of the Photometric Properties 
of the Upper Atmosphere. 


By J. M. WALDRAM, B.Sc., F.Inst.P., F.1.E.S., 


G.E.C. Research Laboratories. 
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This article ts a summary of a : 


solution of military problems, 
and had to be obtained as 








number of problems 

of visibility arose in 
connection with Civil Defence 
and Service matters. They 
concerned, for example, vis- 
ibility of the ground from 
the air, air-to-air visibility, 
camouflage, searchlights and 
flares used in various ways. 
Experience showed that full- 
scale trials were of little real 
use, for they could not be 


paper read at the Foint Meeting : 
of the Illuminating Engineering : 
: Soctety and the Royal Meteorolo- : 
: gical Soctety, March 21st, 1945. : 
It describes part of the work of : 
Sub-Committee G, of the Civil : 


Defence Research Committee, 


Ministry of Home _ Security, : 


under the chairmanship of Mr. 


P. Good, C.B.E., and is publish- : 


ed with official consent. 


The experiments described re- : 


quickly as possible ; there was 
no time for elaborate experi- 
ments or the development of 
refined apparatus, and some 
experimental risks had to be 
taken. Since the experiments 
were made during the “blitz,” 
the localities and conditions 
of experiment were restricted, 
and the data are not therefore 
fully representative. Never- 
theless some interesting and 


kept under control; but it : 
was found possible to tackle : were made 
them by a mixture of labora- : 
tory experiment on a reduced 
scale, and calculation. The 
atmosphere evidently exer- 
cised a profound influence 
on all problems of seeing or projecting 
light over long ranges; its effects could 
be imitated accurately in the laboratory ; 
but there was little information about photo- 
metric properties of the atmosphere, particu- 
larly above the surface of the earth. This 
paper described experiments made to measure 
these properties, up to altitudes of 30,000 ft. 
in clean air and up to 3,000 ft. in industrial 
atmospheres. It is not possible to describe 


the uses to which the information has been put, 
but the data which have been obtained have 
been of much service. 

The data were required urgently for the 


guired much organisation and : 
possible only by : been obtained. 
cordial collaboration of many : 
institutions and individuals whose : 
help 1s gratefully acknowledged. : 


diverse series of curves have 


ATMOSPHERIC EFFECTS. 

In any long-range view the 
atmosphere has usually two 
effects: it attenuates light 
passing through it, so that the brightness of 
distant objects is reduced; and it scatters a veil 
of light over the scene. Both effects degrade 
contrasts and impair vision. Since the trans- 
mission of the atmosphere is an exponential 
function of the range, atmospheric effects 
over long ranges are often the ruling factor in 
problems of visibility and projection. 

These effects are due to scattering and 
absorption of light caused by the molecules 
themselves and by small particles of suspended 
matter, either solid or liquid. The theory of 
scatter by small particles has been widely 
discussed and is not dealt with in this paper, 


which is co! 
what occur: 


It is nec 


will be usec 


l. 











Fi 


If a 
element 
fraction 
scattere 
through 
scattere 
scatter 

The 
not uni 
ally mo 
not far 
light ; « 
backwa 
element 
power, 
as a ligt 
flux en 
calculat 
so the 
lated fr 
elemen 





PHOTOMETRIC 


ich is concerned only with measurements of 
lat occurs. 

It is necessary to define four terms which 
ll be used below :— 
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power” of the scattered light in any 
direction has been called the “‘polar scatter 
index.” It is expressed in candles per 
unit length, per lumen incident. 

3. Since light is being extracted 














> oi from the beam at compound 

6 6) fo interest as it passes through the 
= es -_ atmosphere, the beam becomes 
” tt / 3 Nea attenuated. The transmission of 
wath the atmosphere to direct light 

aks : a therefore diminishes exponentially 

dx — 


Fig. 1.-Scattering from an element of atmosphere. 

If a beam of light passes through an 
element of atmosphere (fig. 1) a small 
fraction of the incident light will be 
scattered out of the beam in its passage 
through the element. The fraction 
scattered per unit length is known as the 
scattering coefficient. 

‘The scattered light from the element is 
not uniformly distributed in space. Usu- 
ally most of it is scattered into directions 
not far from the direction of the incident 
light ; considerably less is usually scattered 
backwards, and still less sideways. The 
element of atmosphere has thus a candle- 
power, different in various directions much 
as a lighting fitting has ; and just as the light 
flux emitted by a lighting fitting can be 
calculated from its candlepower distribution, 
so the scattering coefficient can be calcu- 
lated from the light distribution from the 
element of atmosphere. The ‘“candle- 








with increase both of the scattering 

coefficient and of the length of 

the path through the atmosphere. 

4. When pure scattering occurs, light is 
not absorbed ; all the light lost from the 
direct beam reappears as scattered lighit. 
This is the more usual state of the atmos- 
phere. But when some kinds of pollution 
occur—for example when smoke is present 
—light is absorbed in addition to being 
scattered. The absorbed light does not 
reappear as light. Absorption thus results 
in an attenuation of the beam over and 
above that to be expected from scatter. 
The fraction absorbed per unit length is 
the absorption coefficient: the sum of the 
absorption and scattering coefficients is 
the attenuation coefficient. 

It will be seen that in clean air if the distri- 
bution of polar scatter index is known, the 
scattering coefficient and the transmission over 
a given range can be calculated. It can also 
be shown that it is more accurate to determine 
either the scattering coefficient or the trans- 


Fig. 2.—Polar nephelometer mounted for balloon experiments. 
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observations made at all angles 
except within 15° of the beam 
axis. The polar scatter index 
can be calculated from the photo- 
meter readings and the constants 
of the instrument, one of which 
is the light flux in the beam. 
This can be determined very 
simply in terms of the photo- 
meter readings by means of a 
calibrating attachment, so that 
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the whole instrument is self the field of 
calibrating. It is run from a a second ¢ 
single 12 volt 36 ampere-hour some diffic 
aircraft battery weighing 30 lbs.; brightness. 

the instrument itself weighs a ments, whet! 
further 30 lbs. When it was used was used 

in aircraft, air from outside was balloon, in ' 
brought in through a pipe facing tion, and | 


target, and \ 
take his tir 
one observe! 
and do tl 
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servations W 


the relative wind and delivered 
with as little disturbance as 
possible to the region of the 
aperture. “The apparatus installed on an air- 
craft is shown in fig. 3. 

This instrument is very sensitive ; 


Fig. 3.—Polar nephelometer mounted in Boston aircraft. 


mission in this way than to measure them 
directly. For some problems it is sufficient 
to know the transmission or the scattering 
coefiicient ; but others demand information 
on the distribution of polar scatter index in 
addition. Fortunately it was easier to measure 
polar scatter index than either scattering 
coefficient*® or transmission ; it was therefore 
made the main target of the work. 


it was 


found possible to measure the distribution 40 ft. sq. 
and 


of the polar scatter index in an aeroplane at ments 
30,000 ft. when the air was clearer than pure 
air would be at ground level, the meteorological 
visibility range being about 300 km. 

In some experiments it was desired also to 
measure the transmission of the atmosphere 
from a known altitude to the ground. The 
most suitable way was to measure the bright- 
ness of an illuminated white sheet, by an 


APPARATUS. 


In order to measure the polar scatter index, 
a polar nephelometer was devised (fig. 2). In 
this instrument, a beam of light is 
projected by an ellipsoidal mirror 
through a small aperture of known 
size. In consequence of the scatter 
which occurs in the atmosphere 
just beyond the aperture the beam 
of light appears bright; and a 
visual photometer is arranged to 
measure the brightness of the 
beam. Since the brightness is 
very low, a black trap is arranged 
beyond the beam and the photo- 
meter is so designed that it can 
see nothing but the trap and the 
interposed beam. In order to 
measure the scatter at various 
angles, the assembly of photo- 
meter, aperture and light trap 
can be rotated about the beam 
on a turntable and a series of 





Fig. 5.—1 
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* Since the work was completed an elegant ~ " 
method of measuring scattering coefficient directly free trom \v 
has been described by A. Brewer and the late — 
J}. Beuttell. , Fig. 4.—_Nephelometer and telephotometer on balloon car. frost and d 
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yorne instrument. The only available 
‘photometer was designed for use on a 
id, and was difhcult to train on the target 
ile held in the hand. For aircraft experi- 
nts, therefore, an arrangement was used 
ereby the telephotometer was 
d in parallel with binoculars, in 
lirror arrangement. One observer, 
ng the binoculars, moved a mirror 
bring the target into view and 
t it there; this brought it into 
- field of the telephotometer and 
second observer was able, with 
ne «6difhculty, to measure its 
zhtness. In some later experi- 
nts, when the same instrument 
; used trom an_ observation 
loon, 1n which there is no vibra- 
1, and litthe movement of the 
yet, and when the observer could 
> his time, it was possible for 
- observer to train the instrument 
| do the photometry. ‘The 
yet used for the air-ground ob- 
vations was a white cotton sheet, 
ft. sq. for the aircraft experi- 
nts and 20 ft. sq. for the 





Fig. 5.—Tarsget for air-ground transmission measurements. 


loon experiments described below. It was 
minated by four 200 W. tungsten filament 
ips in dispersive reflectors mounted on 
es at about 20 ft. In the final experiments 
sheet was suspended clear of the ground 
short posts, so that it fell in smooth curves 
> from wrinkles, and was unaffected by 
st and dew which tend to alter the re- 


flection factor of a sheet laid on a tarpaulin 
on the ground. (See fig. 5 below). 

In some of the experiments it was also 
desired to make measurements of the bright- 
ness of a searchlight beam from the air, as the 





Fig. 6.—Hemisphere target for transmission measure- 
ments at ground level. The nephelometer is seen in use 
on the left of the photograph. 


aircraft flew past the beam. For 
this a new low-brightness photo- 
meter was made which was 
capable of measuring brightnesses 
of a few millionths of an equiva- 
lent foot-candle, and which was 
successfully used from the air. 


EXPERIMENTS MADE. 

(i). Clean Air. ‘Three series 
of ascents were made in aircraft 
in air believed to be free from 
industrial pollution, at various 
times of the year and in various 
parts of the country, and a 
series was also made at sea level 
from a ship. 

Series I. This was the first 
attempt, and as much information 
as possible was sought from the 
experiments. Very detailed organ- 
isation was required both on the ground and 
in the air, and several institutions collaborated. 
Nephelometry was carried out at a series of 
altitudes; and in addition the air-ground 
transmission was measured as well as the 
brightness of a vertical searchlight beam at 
two arc currents, and the brightness of the 
sky and the ground. Two successful ascents 
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were made in a Wellington aircraft to 18,000 ft. 
over Northern Ireland. Four observers took 
part in the air. 

Series II]. [wo observers made several 
winter daylight ascents to 30,000 ft. in a 
Wellington carrying the nephelometer only. 

Series II]. In the early summer further 
daylight ascents to 30,000 ft. were made in a 
Boston aircraft by one observer using an 
improved nephelometer. 

Series IV. In the course of some other 
experiments, the nephelometer was used on a 
ship off West Scotland in winter. 

Many other ground observations have 
been made at various times. 

(11). Industrial Atmospheres. 

In order to determine the absorption of the 
atmosphere, as distinct from the _ scatter, 
further experiments were made using a captive 
observation balloon in two industrial localities. 
The balloon carried the nephelometer and the 
telephotometer, and in addition to the scatter 
the air-ground transmission was measured as 
accurately as possible. ‘The transmission due 
to scatter alone can be calculated from the 
nephelometer observations ; if the measured 
air-ground transmission 1s systematically less, 
the presence of absorption can be inferred and 
its amount calculated. Six successful ascents 
were made to about 2,500 ft. in two localities, 
as well as a number of partially successful 
observations. In addition to the air-ground 
transmission, the transmission at ground level 
was required; this was measured with the 
telephotometer using as a target a whitened 
copper hemisphere illuminated by a small 
lamp at its centre. Fig. 4 shows the apparatus 
on the balloon car ; fig. 5 the illuminated white 
sheet used for the balloon telephotometer 
target and fig. 6 the hemisphere target; the 
nephelometer can be seen in use on the left, 
measuring the scatter at ground level. 


OBSERVING CONDITIONS 


In assessing the results, it is necessary to 
appreciate the conditions under which obser- 
vations were obtained. Observations in air- 
craft are very difficult to take accurately, and 
experiments which are easy on the ground 
become impossible in the air. The observer 
is hampered by his flying suit, oxygen mask 
and telephones, and has to contend with cold, 
noise and severe vibration. The telephoto- 
metry is particularly difficult, for the image 
is never steady for a moment; the eyepiece 
vibrates and “bumps,” and (since obser- 
vations have to be made vertically) it is 
necessary to fly about 15 miles between suc- 
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Fig. 7. Distribution of Polar Scatter Index obtained 
at sea level. 


Curve lime 0) 
35 02.30 32.5 10~-°/ft 
36 03.05 18.4 10-5, ft 
37 03.35 15.7 10-° ft 
38 04.05 6.25 x 10-*\ft 
39 04.30 8.45 x 10-°/ft 
40 05.00 3.5 10-5, ft 
41 06.25 2.2 x 10-5/ft 
42 07.05 4.6 x 10-°/ft 
43 07.40 2.2 xX 10~-°/ft 


cessive balances. In the balloon it is consider- 
ably easier; there is no noise or vibration, 
and the observer wears no mask or telephones ; 
there is a telephone in the car so that he is in 
communication with the ground. His only 
trouble is cold and wind, which makes photo- 
metry difficult, but by no means so difficult as 
in aircraft. 


RESULTS 
(i). Clean Air. 

Some typical results of distributions of 
polar scatter index are shown in figs. 7—9. 
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i¢. 8. Distribution of Polar Scatter Index obtained 
in clear air. 


Curve Altitud 'e) 

10 10.5 x 10 ft. 
11 4, ft ?.84 x 10-*/ft 
12 7,0 ft 2.18 «x 10-*/ft 
13 12, ft 2.19 x 10-/ft 
14 18,0 ft 1.70 x 10°°/ft 
= ~ 

15 y= Vy il i is . AX t 


» diagrams are plotted on cartesian co- 
nates with a logarithmic scale of polar 
ter index and the same scales are used 
uughout. 0° represents back scatter. 
Olar distributions of the polar scatter 
*xx were found to show great variation, 
igh one shape of curve was often found in 
lower and ground layers, and in the 
ker atmospheres (fig. 7). In this case there 
ttle back scatter, much forward scatter, and 
hallow minimum in a direction about 
-70° from the direction of back scatter. 
1etimes the minimum is absent, particu- 
y in thicker atmospheres. In clearer air 
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O SO’ 180° 
Fig. 9. Distribution of Polar Scatter Index obtained 
in very clear air. 
Curve Altitude ‘o) 
121 ) 1.95 10-5 ft. 
122 8.000 ft. (ascent 1.14 10 ft. 
123 8.000 tt (descent 1.10 10 It. 
124 15,000 ft 0.71 10~-°/ft. 
125 23,000 ft 0.52 10~->, ft. 
126 30,000 ft. 0.41 10-*/ ft. 


the minimum deepens and the back scatter 
increases, and the minimum tends to occur 
nearer to 90° (fig. 8). In very clear air the 
curve is sometimes nearly symmetrical, with 
equal back and forward scatter; the ratio 
of axial to sideways scatter is however often 
much greater than would be expected from 
Rayleigh’s equation (fig. 9). But in extremely 
clear air some distributions have been found 
which were almost uniform (fig. 9). There 
seems no correlation of shape of the polar 
scatter curve with height—in one series of 
curves obtained from the balloon every shape 
of curve including the flat one was found, all 
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90 1000 IB 7x 1075 tH 
91 2000 19.9 x 10> 
92 2500 22 x10 => eee H 


Fig. 10.— Scatter and absorption data 
in industrial haze (week-night to lee- 
ward of town). 


in the layer 0—2000 ft. (See 
fig. 12, page 221). There seems 
a loose correlation with the 
amount of scatter, though the 
reason for this may be partly 
arithmetical. The distributions 
obtained in industrial atmos- 
pheres did not differ from 
those in clean atmospheres. 
The scattering coefficient 
generally (but not invariably) 
diminishes with height; in 
the upper layers it sometimes 
followed the curve for density 
of the atmosphere. There 
was evident stratification, par- 
ticularly close to the ground, 
as would be expected. The 
amount of scatter varied greatly 
on various occasions. On one 
ascent a light haze continued 











POLAR SCATTER INDEX (C/FT-LUMEN) 





























6 @ ~ 
0 —j 800} —— t 4- 
A | 
ae ee eS ES Oe j \8 Lo0verruL = 
-——--—_>—___-._-_.—-_ 2 —-o-——-- > 4 rr i | 
ret ry I Ae 1 ee & 
i iz ~ 
> + +--+ —¢ + -~+ -+ 4 oa am * iw 
Seeger: ESSeeeret 400 + ii \- 
‘ \ 
b—_~» + + —< + ~~ ~~ ‘ \< . 
200 & — 
wy 
-7 . 
io . . ° - P 
re) se «26 ~#«39" «6|(1afCsG° (BO i 2 3 * 5 6 ? 8 9.10 /FT 
COEFFICIENT 
€0 70 80 90 861007, 
TRANSMISSION 
Curve Altitude G 
ft ft. . . , 
93 0 51. x 10-3 Fig. 11.—Scatter and absorption data 
94 250 15.5 x 10-5 in industrial haze (Sunday night, to 
95 500 15.7 x 107-5 windward of town). 
96 1000 19.5 x 107 
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and increased from the ground to 30,000 ft. 

In Series J, confirmation of the results was 
obtained by examination of the observations of 
air-ground transmission and of the brightness 


scatter index are shown on the left. 


On the 


right curves are given showing as abscissae 
the scattering coefficient (from the nephelo- 


meter results) and the air-ground 


trans- 
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ascent (fig. 11) was made on a 
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Sunday night with the wind 
in the opposite direction, 
when little absorption would 
a be expected due to smoke. 
: It will be seen that very 
ea little was found; what there 
was was doubtful and may 


a 


re) 
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: have been due to a slight 
> error in the _ transmission 
< measurements which show 

an evident inconsistency. 


Fig. 12 shows a series of 
observations in which the 
absorption was in layers, 
apparently independent of 
the scattering. This effect 


a 








400} Ee was found in several cases. 

Lt >. _inreRguereD : It was also remarkable for 

” 47,94  . the great variety of curves 

{| 4 GA 7.°¥ , . of polar scatter index, already 

ili tetas i Bt TDM ae referred to. The amount of 

TRANSMISSION es absorption varied greatly ; it 

sometimes extended above 

Fig. 12.—-Scatter and 2,500 ft. The results ob- 

industrial haze show. tained were consistent with the presence of 

\ - ing absorption in = absorbing particles which are independent 

133 ar of the scattering particles. There was a slight 

sag indication that true photometric absorption 

135 (which may not be the only manifestation of 

137 atmospheric pollution) may be found only in 

os 29 the neighbourhood of the source of pollution. 
140 - 


sion calculated from the scattering co- 
tent; the measured air-ground trans- 
sion is also shown. ‘This is systematically 
than the calculated value on all occasions. 
m this curve the total attenuation co- 
sent can be calculated and the results are 
wn as a curve. The difference between 
calculated attentuation coefficient and the 
tering coefficient represents the absorption 
fhcient; and the absorbing regions are 
icated by hatching on the diagram. 

“he results in figs. 10 and 11 give an 
ication of the consistency of the method. 
fig. 10 measurements were made on the 
vard side of a town on a week-night, when 
orption would be expected to be heavy ; 
siderable absorption was found. ‘The next 


USEFULNESS OF RESULTS 

The use to which the results have been put 
is not discussed ; but it can be said that they 
have enabled a number of problems to be 
solved and have opened up a new approach to 
visibility problems. With the expansion of 
air travel, visibility from the air is certain to be 
increasingly important in peace time. ‘There 
is also a hope that it may be possible to deter- 
mine in some cases the size of the scattering 
particles from the shape of the curve of polar 
scatter index; this may be of theoretical 
interest if it can be done. 

There remains a considerable need for 
statistical information. ‘The work described 
is not representative of many conditions and 
it is hoped that ‘it may be thought worth 
while to make routine observations of polar 
scatter. 
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Technical Literature. 


A DIGEST OF RECENT BOOKS, ARTICLES AND PAPERS BY MEMBERS 
OF THE G.E.C. AND ITS ASSOCIATED COMPANIES. 


MODERN PLASTICS. 
By HARRY BARRON (Pirelli-General Cable Works). 
Chapman & Hall, Ltd., June, 1945. 


This work comprises 680 pages with 250 


illustrations, and is a complete survey of 


the plastics industry at the present time. 


SOME FACTORS AFFECTING THE DESIGN 
OF ELECTRIC LIGHTING INSTALLATIONS 
FOR BUILDING INTERIORS. 
By R. O. ACKERLEY (Illuminating Engineering Depart- 
ment). 
4 paper read before the I1.E.E., April 12th, 1945. 
The importance of careful task analysis is 
stressed, to determine exactly the visual 
problem for which suitable lighting must be 
provided. 
Methods of lighting, factors affecting illu- 
mination, selection of fittings, etc., are 
discussed. Probable trends in lighting after 
the war are also considered. 


THE MECHANISM OF CONTAMINATION 

OF PORCELAIN INSULATORS. 

By W. G. THOMPSON (Witton Engineering Works). 

Jour. IL.E.E., Vol. 91, Part III, No. 22, p. 317, August, 1944. 
Describes the 


application of scientific 


methods to the study of the build-up of 


contamination on porcelain insulators, in 
which the influence of the variables 1s 
separately examined under “live” con- 
ditions. From the experimental analysis a 
method of estimating the flashover voltages 
of different types of insulators is suggested. 





SOME EXAMPLES OF THE USE OF THE 
X-RAY POWDER DIFFRACTION METHOD 
IN QUANTITATIVE ANALYSIS; THE DE- 
TERMINATION OF SMALL AMOUNTS OF 
a) CALCIUM OXIDE IN MAGNESIUM OXIDE, 
(b) ZINC OXIDE IN ZINC SULPHIDE.* 

By H. P. Rooksby (Research Laboratories). 

The Analyst, Vol. 70, p. 166, May, 1945. 


It is shown that the calcium oxide can be 
detected in magnesia in as low a concentra- 
tion as 0.1 per cent. With zinc oxide in 
zinc sulphide the lower limit is approxi- 
mately 0.2 per cent. 


THE USE OF GLASS IN HIGH-VACUUM 
APPARATUS.* 


By R. W. DOUGLAS (Research Laboratories). 
J. Set. Inst., Vol. 22, p. 81, May, 1945 


After discussing some physical properties 
of typical selection of glasses, various 
aspects of the use of glass in high-vacuum 
apparatus are considered to illustrate the 
way in which these specific properties 
dictate the techniques described. 


STEELWORKS LIGHTING.* 
By W. R. STEVENS (Research Laboratories). 


Tron & Steel, Vol. 18, p. 38, February, 194 
After discussing the general aspects of the 
lighting of steelworks, the particular prob- 
lems are considered such as choice of light 
sources and fittings and maintenance econom- 
ics. The lighting required for special jobs 
is described. 


ENERGY DISTRIBUTION IN THE SPECTRUM | 
OF A FREQUENCY MODULATED WAVE, 


PART I.* 
By A. S. we ee Laboratories’ : 
Phil. Mag., Ser. 7 YAV., p. 787, Decem . 1944. 


A method is sate ed of calculating the 
distribution of energy in the frequency 
spectrum of a frequency modulated wave 
when the distribution of energy in the 
frequency spectrum of the modulating wave 
is Known and the modulating wave consists 
of a very large number of sinusoidal com- | 
ponents of modulated frequencies and small | 
amplitudes. 
THE PLANNING OF A GLASS WORKING 


DEPARTMENT .* 


By R. L. BREADNER and C. H. SIMMS (Research Labora- ° 
tories). 


J. Sct. Inst., Vol. 21, p. 169, October, 1944. 
Gives aimee in the establishment of a 
glassworking unit in which the scope of the 
work to be undertaken is extended beyond 
the range of benchwork to include the mech- 
anised field ; consideration is given to the lay- 
out of the room, service supplies, machines, 
transformers and incidental equipment. 

A NEW TYPE OF ELECTRON-OPTICAL 

VOLTMETER.* 


By L. JACOB (Research Laboratories). 
J. I.E.E., Vol. 91, p. 512, December, 1944. 


An electronic instrument is described for 
measuring peak voltages in the range 
2—20 kV, direct or alternating current, to 
an accuracy of 3 per cent. 


* A limited number of reprints is available ; copies may be obtained on application 
to the Editor, G.E.C. Journal, Witton Engineering Works, Birmingham, 6 
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